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SUMMARY
T his work d e ta ils  the location and m ovem ent of the m a jo r influenza 
v iru s  p ro te in s  throughout the p ro ce ss  o f infection.
The f ir s t  section docum ents and an a ly z es  the fate of p ro te in s  from  the 
input v iru s  on infection a t 4° and on subsequen t incubation a t 37°.
The second section d esc rib es  the ap p e a ran c e  and m ovem ent of newly 
syn thesized  v ira l p ro te in s  both into and out of the nucleus, and deta ils  
the r e le a se  of v irio n s and v ira l com ponents into the tis su e  cu ltu re  
flu ids.
The th ird  section  investigates the s ta te  of newly syn thesized  v ira l 
p ro te in s  within both nucleus and cy to p la sm .
T he appendix rev iew s the m ethods o f ce ll fractionation  and th e ir
c r i te r ia  of p u rity .
<UL)
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GENERAL INTRODUCTION
1. Pream ble
A pandem ic of Influenza was f i r s t  docum ented in 1510 (F ran c is  and 
M aassab( 1965) though the v iru s  w as not iso lated  u n til 1933 by W. Smith 
and co -w o rk e rs  (Smith e t a l . . 1933). The d ise ase , caused  by type A 
influenza, is found in a l l  p a r ts  of the w orld and in a pandem ic y ea r  between 
30 and 80% of the e n tire  human population m ay co n tra c t the d ise ase  in 
som e fo rm . Since 1933 it has been studied ex tensively  and yet desp ite  
enorm ous advances in the understanding  of v iru s  s tru c tu re , v iru s 
rep lication  and im m unology, th e re  has been no su b stan tia l cu rta ilm en t of 
the d ise a se  itse lf .
T he o cc u rre n ce  of the d ise ase  appears to follow a pattern  in which a 
w orld-w ide ep idem ic, a 'p an d em ic ', is followed by s e v e ra l y e a rs  in which 
the d ise ase  o ccu rs  a t much low er lev e ls . Both of the su rface  antigens of 
influenza v iru s , the haem agglutinin (HA) and the neu ram in idase  (NA) 
undergo ra d ic a l changes, nam ed antigenic 's h if t ',  and re la tiv e ly  m ino r 
but frequen t changes, ca lled  antigenic 'd r i f t '.  Pandem ics occu r a f te r  a 
sh ift and a r e  followed ly s e v e ra l y ea rs  of antigenic d r if t .  F o r exam ple, 
the Asian s tra in  of 'flu '(H 2.N 2) p e rs is te d  u n til 1968, when a new stra in  
was iso la ted  in Hong Kong containing an en tire ly  d iffe ren t haem agglutinin 
but a s im ila r  neu ram in id ase  (H 3.N 2). A pandem ic followed in the w inter 
of 1969. Subsequently the H3 has undergone the antigenic d r if t .
How do these  an tigen ic changes a r is e  ? It seem s that d rift o ccu rs  due 
to the se lec tion  p r e s s u r e  ex erted  by neu tra liz ing  antibody upon m utations 
a r is in g  in the antigenic s i te s .  Such d rift has been m im icked in labo ra to ry  
conditions (L aver and W ebster, 1976). Shift is now thought, from  
c irc u m s ta n tia l ev idence, to a r is e  by a quite d iffe ren t m echanism  involving 
two fea tu re s  ,in com bination unique to influenza A v iru se s : the 
recom bination  o r,m ore  a c c u ra te ly , 're a s so r tm e n t ' p ro c e ss  and the p resen ce  
of an an im al r e s e rv o i r .
T he influenza genom e is segm ented and the infection of a 
host c e ll with m o re  than one s tra in  of v iru s re su lts  in re a sso rtm e n t of
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the segments to produce new strains (e.g. Hswl.NI x Havl.Neq! = 
HswI.Neql + Havl.NI (Webster et a I., 1971)).
The animal reservoir, as its name implies, provides a stock of 
influenza antigens with which human influenza type A can exchange to 
produce the new antigenic strain, the 'shift' process. Pigs and horses 
are implicated but more probably the bird population is most important. 
Kilbourne (p. 514, 1975) has advanced the view that when such an 
exchange has taken place, the virus only produces pandemic disease in 
man if an ecologic niche Is available, i,e. sufficiently high antibody 
levels in the population to the current strain must be present, thus 
providing a selective advantage to the new 'pandemic candidate'.
There may be a number of such viruses awaiting the opportunity to be 
introduced into the human population.
As the span of precise biochemical and serological documentation 
of influenza virus pandemics increases, it becomes possible to observe 
any re-emergence of HA or NA antigen in a new pandemic when herd 
immunity no longer precludes it from the human population. The 
isolation of A/New Jersey/76 recently (WHO, 1976), with antigens of 
'classical' swine influenza virus (Hswl.NI), which is thought to have 
caused the 1918 pandemic, may be one such example, and the presence in 
the sera of elderly people of antibodies to an HA similar to Hong Kong 
but not to the NA suggest that the pandemic at the turn of the century 
may have had a Hong Kong type HA (H3) but a different NA.
The ubiquity of the disease coupled with its enormous cost in 
economic terms (in the USA SI.7-3.9 billion/year in 1963, 66, 69 - 
Kavet, 1973) justify the research effort into influenza, but there 
are other reasons why the field is so attractive. Influenza virus 
replication provides a useful model to study the processes of the 
mammalian cell. Whereas the latter has a genome with coding capacity 
for around ICT7 proteins, there are Just 8 genome segments in the virus 
and this, together with its requirement for a host nucleus in 
replication (see Introduction, part 6), suggestsa unique dependence on 
host systems. This makes it an excellent model to probe the processes 
of the host cell.
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It was in o rd e r  to  try  to catalogue and illum ina te  som e of the 
m ovem ents of v i r a l  com ponents into and out of the nucleus and within 
th is  o rganelle  th a t th is  study was in itia ted . It w as hoped that 
co rre la tio n  of th e se  m ovem ents with events in the v iru s  m ultip lication  
cyc le  would r e s u l t  in a b e tte r  understanding of the ro le s  of the v ira l 
p ro te in s  and the m echan ism s and s tru c tu re s  involved in v iru s  infection.
Section 1 dea ls w ith  the fate of the input v ira l com ponents, w hilst 
Section 2 de ta ils  the  m ovem ents of newly syn thesized  p ro te in s  within 
the ce ll and follow s these p ro te in s  into the tis su e  cu ltu re  flu id s . In 
Section 3 the s tru c tu re s  in which newly syn thesized  p ro te in s  a re  found 
in nucleus and c y to p la sm a re  investigated . F in a lly , in the appendix, 
th e re  is a d e ta iled  ch a rac te riza tio n  and an a ly sis  o f m ethods of nuclear 
frac tio n a tio n .
2. The S tru c tu re  of Influenza V irus and the F unctional Role of its
C om ponents.
Influenza v iru s e s  co n sis t of th ree  d istinc t an tigen ic types, A, B and 
C, which a re  de te rm in ed  by the in te rna l ribonucleopro tein  an tigen . Man 
is  the only host o f B and C ty p e s , w h ils t  A ty p e  i s  a ls o  found in  o th e r  anim als 
Influenza A v iru s e s  a re  by fa r  the m ost c lo sely  studied  of the types and 
a re  resp o n sib le  fo r  the pandem ics d escribed  in p a r t  1 .
T he influenza v iru s e s  a re  sp h e ric a l o r  f ilam en tous p a r tic le s  with a 
d iam eter of 80-120 nm . They p o sse ss  an envelope of lipids from  which 
the sp ike-like  su rfa c e  p ro jec tions o r pep lom ers p ro tru d e  to  the e x te r io r .
Inside the p a r t ic le  is a s in g le -s tran d ed  RNA genom e of MW 6 x 10^ 
daltons in eigh t seg m en ts , which is com plem en ta ry  to the v ir a l  m e ssen g e r 
RNA found in in fected  c e lls .  The virion con tains eight polypeptide sp e c ie s  
of m olecu lar w eight from  25-91 k daltons each . In addition, one o r  possib ly  
two v iru s  induced n o n -s tru c tu ra l p ro te in s  a re  found only in infected c e l ls .
2A Morphology
E lectron m ic ro sco p y  re v e a ls  the lab o ra to ry  adapted v iru s  to be an 
Irreg u la r  sp h e ric a l-sh a p ed  p a r tic le  of 80-120 n m , though in recen tly  
iso lated  s tra in s  abundant filam entous p a r tic le s  of up to 1,0 00  nm have been 
found (S c h u lz e ,1 9 7 3 ) .N e g a tiv e ly  s ta in e d  p a r t i c l e s  d is p la y  a co a t o f dense ly
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T ab le  1/1
Fowl plague virion  polypeptides
Polypeptide M olecular weight 
(k daltons)
Approxim ate No. 
of m o lecu les/v irlo n
P1 95 .9 15
P2 87.1 15
P3 85.1 15
NP 52.3 1000
HA1 44 .8 1000
NA 42.1 200
HA2 26.7 1200
M 24.8 2400
from  Inglis et a l . .
S
1976).
V iru s specified n o n -s tru c tu ra l p ro te in s
NS1 ~  23
NS2 ~  11
p rtTn - ir TiïïiriiifwiiiiinrrMMiir t *■
1/6
arran g ed  ra d ia l p ro jec tions which co m p rise  the haem aggiutin in  and 
n eu ram in id ase  com ponents of the v iru s .  N erm ut and  Frank (1971 ) have 
suggested  that influenza v irions have a m ore  o rd e re d  s tru c tu re  which 
they ca lled  a 'p la s tic  ico sah e d ro n '. T h e ir  f r e e z e - e tc h in g  p ro ced u res  showed 
that th e re  was very  little  p leom orphism  and tha t the spikes a r e  arranged  
in pentagonal and hexagonal a r r a y s .
T he ribonucleopro tein  ap p ears  to co n s is t of long filam ents (up to 2 um ) 
which co n s is t of a 9 nm d iam ete r f ib re  in a double helix  of 50-60 nm 
d iam ete r (Almeida and Brand, 1975).
A d iag ram m atic  rep rese n ta tio n  of influenza v iru s  is p resen ted  in 
F ig . 1 /1 . T he NA and HA g lycopro te ins which contain  host-specified  
ca rbonydra te  a re  p re se n t on the o u te r m em b ran e  su rface  as  d istinct 
sp ikes em bedded in the lipid b ila y er of the v iru s  which is a lso  h o st-sp ec ified . 
Within the envelope, m a tr ix  (M) p ro te in  is p re s e n t  e ith e r  as  a sh e ll ju s t 
beneath the m em brane (Lenard e t a l . . 1974) o r  a s  a p la stic  'f i l le r ' between 
m em brane and RNP co re  (L aver, 1973) o r m o re  c lo sely  assoc ia ted  with 
the RNP (R eginster and N erm ut, 1976). T he ribonucleopro te in  com prises 
the RNA of the v iru s , c lo sely  as so c ia te d  with NP and probably a ll th ree  P 
p ro te in s .
2B Polypeptides of the V irus
T he v iru s contains eight polypeptides (T able 1 /1 ) from  Com pans e t a l . . 
1970a; Skehel and Schild, 1971: Inglis et a l . ,  1976 , th ree  of which (HA1, 
HA2, NA) a r e  g lycosy la ted  (Schulze, 1970; Com pans e t a l . .  1970a). An 
additional g lycoprotein (HA) is a lso  observed  in the v irions of som e 
s tra in s  of v iru s  grown in som e c e ll  sy s tem s ( e . g . WSN in MK c e lls )  but is 
p re se n t in v a riab le  am ounts. T h is  pro tein  h a s  been shown to be cleaved 
by host ce ll sy s tem s o r  by se ru m  p ro te a se s  upon contact w ith ce ll 
a c tiv a to rs  (L azarow itz e t a l . . 1973) to y ield HA1 and HA2.
2C Function of V ira l Com ponents: Role of the Proteins
T he N ucleocapsid
T he nucleoprotein of the v iru s  is found c lo se ly  asso c ia ted  with the v ir a l  
genom e in an RN A -protein com plex of about 10% RNA and 90% protein 
(Pons et a l . . 1969). T he P p ro te in s  a r e  a lso  found in associa tion  with
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th is  com plex both  in v irions (Bishop e t a l . . 1972) and in the infected ce ll 
(C aligutri and C om pans, 1974) although they  a r e  m ore  ea s ily  rem oved 
during p u rifica tion  than NP (Schulze, 1973). Several d is tin c t s iz e s  of 
ribonucleop ro te in  can be sep ara ted  (th ree  by D uesberg, 1969; five by 
Pons, 1971) on velocity  g rad ie n t cen trifugation  which a r e  of the sam e 
d iam eter but a r e  of considerab ly  d iffe ren t lengths (Compans et a l . .  1972). 
T h ese  w ere  thought to co rrespond  to d iffe ren t segm ents of the genom e, 
individually packaged . T h is  situation n ee d s  re-exam in ing  since the 
genom e is now known to co m p rise  8 RNA se g m en ts . T he NP, of which 
th e re  a re  about 1,000  copies p e r  v irion , fo rm s  the p ro te in  subunit of the 
nucleocapsid  (D uesberg , 1969; Pons e t a l . . 1969). It is antigenically  
stab le  and fo rm s  the b as is  of the c la ss ifica tio n  of influenza into A, B 
and C v iru s e s .  It d isp lays considerab le  affin ity  for c and vRNA 
(Scholtissek and  Becht, 1971), and can be v isua lized  in a com plex 
s tru c tu re  w ith the RNA under the e lec tro n  m ic roscope (review ed by 
Schulze, 1973).
The nucleocapsid  s tru c tu re  is ac tive in RNA sy n th esis  in both v irions 
(Bishop e t a l . . 1972; Rochovansky, 1976; Content e t a l . .  1977) and in the 
infected c e ll  (Com pans and C a ligu iri, 1973; C aligu iri and Com pans, 1974) 
and can p roduce a tra n sc ip t from  which a l l  the p ro te in s  can be tran s la te d  
(Content et a l . . 1977). Both the P p ro te in s  (P2 w as not reso lved  from  P3 
in these s tu d ie s )  and NP w ere  p re se n t In the virion com plex, and though 
ea rly  re p o r ts  suggested  tha t the P p ro te in s  w ere not involved in po lym erase  
activ ity  in com plexes from  the Infected c e l l  (Compans and C aligu iri, 1973), 
a la te r  re p o r t  confirm ed th e ir  p re se n ce  (C aligu iri and Com pans, 1974).
P alese e t a l . (1977), using  te m p era tu re  sen sitiv e  ( ts - )  m utants of 
influenza, found two g roups (I, III) w hich failed to syn thesize cRNA at the 
n o n -p e rm iss iv e  te m p era tu re . T hese had a lte red  RNA's coding for PI 
and P3 and w e re  rescu ed  only by recom binations with the wild type 
involving th e se  R N A 's. The function of P1 and P3 seem s fa irly  ce rta in  to 
be in the sy n th e s is  of RNA, though th e ir  p re c ise  ro le  in initiation o r  elongation 
has yet to be e lucida ted . It is thought th a t P2 m ay function s im ila rly  to P3 
but a s  they have only recen tly  been re so lv e d  (Inglis e t a l . . 1976; Lam b and 
Choppin.1976), th is is s t i l l  u n ce rta in . T h e  ra tio  of the P p ro te in s  is about
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1:1:1 and there are approximately 15 molecules of each In the 
virion (IngI i s et a I., 1976).
It Is now known how the individual RNP's are sorted and 
arranged In the virion particle, but there has been a suggestion 
that the particle may enclose a random 10 or II RNP's (Hirst,
1962; Hirst and Pons, 1973) which may explain the low PFU to 
particle ratio found in some strains. However, this ratio 
varies considerably between different virus strains and Is 
thus not an all-embracing solution. This is considered 
further in Part 5 of the Introduction.
The Role of the Proteins: the Viral Envelope and Its
Components
The viral envelope consists of a lipid bllayer (Landsberger 
et a I., 1970, 1973) whose appearance and composition is very 
slmi lar to that of the host membrane from which it was derived 
(Compans and Dimmock, 1969). It contains no host protein (Holland 
and Kiehn, 1970) but does contain host-specified carbohydrate 
and lipid (Kates et a I., 1961, 1962) though there are restrictions 
on the carbohydrate content which preclude the incorporation of 
neuraminic acid (Klenk et a l., 1970).
The Role of the Proteins: Haemagglutinin
The major glycoprotein in the virus membrane is the haemag­
glutinin which comprises \5% of the virus protein (Inglis et a I., 
1976). It appears to be present as a radial spike with 
triangular cross-section consisting of a trimer of HA molecules 
either intact or, as a result of proteolytic cleavage, present as 
two polypeptides (HAI and HA2) which are linked by disulphide bonds 
(Laver, 1973). In the latter arrangement the HA2 molecule is 
thought to be Involved in locating the haemagglutinin in the virus 
membrane for two reasons. Protease treatment removes only HAI 
intact (Compans et a I., 1970a) and secondly, solubilized spikes 
lack only a small part of the HA2 molecule (Brand and Skehel,1972). 
This locating function may be accomplished by a hydrophobic region 
in the HA2 polypeptide chain as suggested by the aggregation by one 
end of detergent-isolated spikes after removal of the SDS (Laver and 
Valentine, I 969)and the lack of aggregation in protease-i sol ated spikes 
lacking a small portion of HA2 (Brand and Skehel, 1972).
This virus glycoprotein is responsible for haemagglutlnation 
caused by its affinity for erythrocyte receptors and is responsible 
for the attachment of the virus particle to receptor sites (see 
Introduction, part 3A).
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H ow ever, the observation  tha t cleavage of HA into HA1 and HA2 in som e 
influenza A s tra in s  caused  no detec tab le  a lte ra tion  of v iru s  binding to 
fetuin, adsorp tion  to MDBK c e lls  o r  haem agglutination w hilst in c reasin g  
infectiv ity  by a s  m uch as  100-fold (L azarow itz and Choppin, 1975;
Klenk e t a l . . 1975) suggest that the H A  m olecule may also have some other 
function .
Role of the P ro te in s: N euram in idase 
T h is g lycopro tein  is observed  un d er the e lec tron  m ic roscope to be 
shaped like a sp ike with a knob on one end. R osettes a re  form ed,w ith  
knobs o u te rm o st from  d e te rg en t Iso lated  (but detergen t s ta b le )  m olecu les 
when the de te rg en t is rem oved  (L aver and V alentine, 1969). The n e u ra m in i­
d ase  com plex is a te tra m e r  of m o lecu lar weight 200-250 k daltons (Kendal and 
E ck e rt, 1972; Lazdins e t a l . . 1972).
Its enzym ic ac tiv ity  ca ta ly ze s  the rem o v a l of te rm in a l N -ace ty l
neu ram in ic  ac id  from  specific  g lycopro tein  su b s tra te s . Although it has
been suggested  that NA m ed ia tes the  r e le a s e  of v iru s  from  the host c e ll
su rfa ce  a f te r  m ultip lication  (G ottschalk, 1966), m onovalent an tibodies
which inhibit the enzym ic ac tiv ity  a re  found not to in te rfe re  with v iru s
re le a se  (Becht et a l . . 1971 ). T he NA does appear to rem ove n eu ram in ic
ac id  from  ho st ca rb o h y d ra te  Incorporated  in the v iru s p a r tic le  and has
thus te e n  im plica ted  in v iru s  m atu ration  (Klenk e t a l .  1970). Conclusive,
v * f o l l o wi n g .
evidence that it p rev e n ts  ex tensive  aggregation of v irions has been ob tained by the, 
Klenk e t a l . (1970) had shown th a t w ild type v irions have no neu ram in ic  
acid  in the ir ca rb o h y d ra te  but>in ts  m utan ts defective in NA, P alese e t a l .
(1974) found that neu ram in ic  ac id  w as p re se n t and that aggregation  of 
p a r tic le s  o c c u rre d . T h is  effect w as overcom e by the action of evogeneous 
b a c te ria l n eu ra m in id a se . F u rth e rm o re , when FANA (2, deoxy - 2, 3-dehydro- 
N -trifh io ro ace ty ln eu ram in ic  a c id ) , an inhibitor of NA, was p re se n t during 
the v iru s  m u ltip lication  cyc le , p rogeny v iru s  aggregated  in the m edium  
(Palese and C om pans, 1976). T h is  v iru s  was found to contain s ia lic  acid  
re s id u e s  in its  envelope which ac ted  as  re c e p to rs  for the HA of ad jacen t 
p a r t ic le s .
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Role of the Proteins: Matrix
This protein, the most abundant of the virion, is found between 
the virus envelope and the nucleocapsid and appears as a dense area 
under electron microscopy. Compans et a I. (1972) have suggested that 
the 4-6 nm thick layer of matrix protein is in close interaction with 
the lipid bilayer. Laver (1973) and Schulze (1973) envisaged the 
protein as a filler which supports the virus membrane and determines 
the shape. Cores produced by DOC treatment, which were free of lipid 
and the viral glycoproteins, were found to have a shell of M protein 
surrounding the nucleocapsid (Reginster and Nermut, 1976), suggesting 
that matrix protein may be more closely associated with the ribo- 
nucleoprotein. Apart from its (presumably) structural role in the 
virion, a role for the matrix protein in virus assembly has also 
been suggested (Choppin et al., 1972; Compans and Choppin, 1975).
This consists firstly of the recognition site, which provides the 
signal enabling nucleocapsid to align with specific areas of the cell 
membrane budding virus,and secondly they suggested that it might deny 
access by host cell proteins to this area of cell membrane.
Role of the Proteins: Non-structuraIs
The virus also specifies one or two proteins which are not 
incorporated into the virion (Dimmock, 1969; Skehel, 1972). These 
have molecular weights of 23 k da I tons (NSI) and II k da I tons (NS2). 
Little is known of their function, but NSI accumulates in the nucleolus 
(Dimmock, 1969; Krug and Soeiro, 1975) and although it is found in 
association with polysomes in the cytoplasm (Pons, 1972; Compans,
1973) this association is thought to be artefactuai, or at least not 
in a ribosomal protein type interaction (Krug and Etkind, 1973). NS2 
is not regularly found (Krug and Etkind, 1973; Inglis et al ., 1976); 
it is present in different amounts in different cell lines (P.D.Minor, 
personal communication) and runs on PAGE at a position close to the 
buffer front. Thus it is not clear whether NS2 Is a genuine viral 
protein.
2D. The Viral Genome: Sense
Following Baltimore's (1971) classification of animal viruses 
centred on the relationship between the viral genome and messenger 
RNA, evidence rapidly accumulated to indicate that the myxoviruses 
belonged to group V through having an RNA genome complementary to 
mRNA (negative stranded viruses). The discovery of a virion RNA- 
dependent-RNA polymerase, one of the central predictions of the
classification, had just been reported (Chow and Simpson, 1971), and 
Pons (1972) was soon to show that polysomal virus specified P.NA was 
almost exclusively complementary to the RNA found in the virion. This 
work was extended by Glass et a I. (1975) who showed that the RNA in 
association with polysomes was complementary to vRNA, labelled rapidly 
with -uridine and contained poly A.
Conclusive proof of the negative sense of vRNA came with the 
translation of cRNA into the viral proteins. This was first reported
for M by Kingsbury and Webster (1973), and later workers progressively 
extended this to the synthesis of the other proteins (Etkind and Krug, 
1975; Content, l976;Ritchey and Palese, 1976; Inglis et a I., 1977; 
Stephenson et a I., 1977). The virion RNA was found to direct the 
synthesis of a polypeptide of molecular weight similar to NP (Seigert 
et al., 1973; Content, 1976; Tekamp and Penhoet, 1976), but when this 
was characterized by tryptic peptide analysis, it was found to be quite 
different from NP (Tekamp and Penhoet, 1976). Discrete products of 
low molecular weight have been observed, but these do not correspond 
to any of the virus proteins (Etkind and Krug, 1975; Stephenson et a I., 
1977). Recently a coupled transcription/translation system has been 
described, dependent absolutely on RNA transcription (Content et a I., 
1977; P.D. Minor, unpublished results) in which cRNA is transcribed 
from vRNA of disrupted virions by the virion transcriptase and this 
cRNA acts as a template for the synthesis of the viral proteins in a 
reticulocyte lysate system. Recently Content reported that PI, P2 
and 3, NP,’ M, NS I and HA had been identified using a modified lysate 
together with NWS which has a more efficient polymerase than FP/R 
(Content at Negative Strand Virus Symposium, Cambridge, 1977).
The Viral Genome: Segmented Nature
Following the discovery of very high recombination rates between 
different strains of influenza viruses (Simpson and Hirst, 1961; Hirst, 
1962), it was proposed that the virus genome was in segments which, in 
mixed infections, could be reassorted (rather than recombined in the 
'classical' sense). This was supported by the multiplicity reactivation
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d a ta  of B arry  (1961) which suggested  that s ix  se p a ra te  functional un its 
a r e  involved and was followed by biochem ical data which showed the size  
of the RNA to be 7-9S and 18S ra th e r  than the p red ic ted  38S (Davies and 
B arry , 1966). PAGE of labelled  RNA showed f i r s t  5 segm ents (Pons and 
H irs t, 1968) but la te r  8 segm ents of sing le stranded  RNA w ere 
v isua lized  a s  the reso lu tion  of such techniques im proved (McGeoch et a l . .  
1976; Pons, 1976). The p o ssib ility  that the genom e w as broken up during 
ex trac tio n ,p o ssib ly  a t  points of w eakness in the m o le cu le , was ru led  out 
by the dem onstra tion  that the 5' end of a l l  segm ents began pppAp, 
tha t they contained base  sequence d iffe rences (Young and Content, 1971) 
and that the 3 ' te rm in a l w as U-OH (Lewandowski e t a l . .  1971 ).
It is not known how these segm ents a r e  packaged into the v irio n . Pons
(1970) suggested  that the NP protein  m ight hold the segm ents together in 
a continuous 's t r i n g ' , thus ensuring  a com plete se lec tio n  of segm ents, 
but th is im plies a com plex specific ity  fo r NP in se lec tin g  the segm en ts.
Most inv estig a to rs  found the v ira l  RNP to be p re se n t in sh o rt segm ents 
(Pons e t a l . . 1969; Schulze e t a l . .  1970; Com pans e t a l . . 1972), but the re  
have been re p o r ts  of a longer s tran d  observed  in d isru p ted  p a r tic le s  (Li 
and Seto, 1970; A lm eida and Brand, 1975). The ra tio  of the segm ents is 
approxim ately  unity  (McGeoch e t a l . . 1976).
T he V ira l Genom e: A ssignm ent of RNA segm ents
T he assignm en t of RNA segm ents to code fo r v iru s  p ro te ins was 
initially  m ade on th e  b as is  of s ize  (Inglls et a l . .  1976), the coding capacity  
of the th ree  la rg e s t segm ents being adequate to code fo r  the P p ro te in s , the 
in te rm ed ia te  for HA, NP, NA and the sm a lle s t segm ents for M and NS1. 
Definitive assignm en t cam e from  the analysis of recom binan ts of PR8 and 
HK which had RNA's and p ro te in s  of d iffe ren t m obilities,allow ing  the 
assignm ent of NP, M and NS1 to 5, 7 and 8 re sp e c tiv e ly  (Ritchey et a l . . 
1976); HA and NA to 4 and 6 (Palese and Schulman, 1976) ; P1 and P3 to 
2 and 1 re sp e c tiv e ly  (Palese e t a l . . 1977). An independent assignm ent by 
an elegant technique devised  by Inglis e t a l . (1977) in which RNA-RNA 
hybrid ization  of individual virion RNA segm ents with to ta l cRNA su p p resses  
transla tion  of specific  m RNA's has shown a s im ila r  assignm ent.
I .  13
3. Influenza Virus Multiplication Cycle 
A. Early Events In the Infection of Cells
The process of entry of the virus Into the host cell 
has been divided into a series of stages: collision, 
attachment, penetration (defined as the development of 
resistance to external treatments such as acid and antiserum) 
and uncoating. The latter is a two-stage process for 
enveloped viruses, the first being removal of the viral 
envelope, the second stage the rendering functional of the 
viral nucIeic acid.
Early Events: Collision
The collision of the virus with the cell takes place 
by Brownian motion. The chance of a successful collision 
(defined as leading to attachment) is very low, and it has
4
been calculated that only one attachment event occurs in 10 
collisions (Lonberg-Holm and Philipson, 1974).
Early Events: Attachment
Attachment depends on some configuration of the virion 
surface (virus receptor) and its complement on the cell surface, 
It is perhaps worth straying into the teleological to point 
out that the cell surface receptor presumably has some 
function for the benefit of the cell, and that it serves 
incidentally as the means of access for the virus.
(a) The virus receptor
Of the two envelope glycoproteins of influenza, the 
haemaggIutinin molecule is implicated as receptor by mono- 
specific antibody inhibition (Kilbourne et a I., 1968). The 
inhibition of neuraminidase has no effect on virus entry and 
selective proteolysis of the neuraminidase does not result in 
diminution of infectivity (Schulze, 1970). However, even 
this point is not unequivocal for Dourmashkin and Tyrrell 
(1974) observed, in a study by electron microscopy, that 
antineuraminidase antiserum does not prevent attachment but 
does inhibit penetration and would thus be expected to reduce 
infectivity. Infectivity is reduced by treatment of the virus 
with a whole range of sialoglycoproteins which bind haemag- 
glutinin (Shen and Ginsburg, 1968) including a sialomucoprotein.
T .  13
3. Influenza Virus Multiplication Cycle 
A. Early Events in the Infection of Cells
The process of entry of the virus into the host cell 
has been divided into a series of stages: collision, 
attachment, penetration (defined as the development of 
resistance to external treatments such as acid and antiserum) 
and uncoating. The latter is a two-stage process for 
enveloped viruses, the first being removal of the viral 
envelope, the second stage the rendering functional of the 
viral nucleic acid.
Early Events: Collision
The collision of the virus with the cell takes place 
by Brownian motion. The chance of a successful collision 
(defined as leading to attachment) is very low, and it has
4
been calculated that only one attachment event occurs in 10 
collisions (Lonberg-Holm and Philipson, 1974).
Early Events: Attachment
Attachment depends on some configuration of the virion 
surface (virus receptor) and its complement on the cell surface, 
It is perhaps worth straying into the teleological to point 
out that the cell surface receptor presumably has some 
function for the benefit of the cell, and that it serves 
incidentally as the means of access for the virus.
(a) The virus receptor
Of the two envelope glycoproteins of influenza, the 
haemaggIutinin molecule is implicated as receptor by mono- 
specific antibody inhibition (Kilbourne et al., 1968). The 
inhibition of neuraminidase has no effect on virus entry and 
selective proteolysis of the neuraminidase does not result in 
diminution of infectivity (Schulze, 1970). However, even 
this point is not unequivocal for Dourmashkin and Tyrrell 
(1974) observed, in a study by electron microscopy, that 
ant I neuraminidase antiserum does not prevent attachment but 
does inhibit penetration and would thus be expected to reduce 
infectivity. Infectivity is reduced by treatment of the virus 
with a whole range of slaloglycoproteins which bind faemag- 
glutinin (Shen and Ginsburg, 1968) including a sialomucoprotein.
This implies, perhaps, a role for the viral neuraminidase 
in freeing influenza from such entities which occur in the 
respiratory tract. Klenk et a I. (1972) showed that the 
glycosyl moiety on the haemagglutinin was probably necessary 
to receptor function since nongIycosyIated HA was unable to 
bind erythrocytes. However, the demonstration that cleavage 
of HA in the viral membrane of WSN leads to 100-fold increase 
in infectivity though the haemagglutinin activity is unchanged 
(Lazarowitz and Choppin, 1975; Klenk et a I., 1975) suggests 
a second role for the HA in some step subsequent to attachment.
(b) The cel I receptor
The cell receptor for influenza virus has been shown to 
have terminal neuraminic acid, the integrity of which is 
essential for virus attachment (Suttajit and Winzler, 1971), 
but it has still not been proved unequivocal Iy to be a 
siatog Iycoprotein. In early work (see Hoyle, 1968) RDE 
(receptoi— destroying enzyme) later identified as a sialidase 
was used to treat cells prior to their exposure to virus and 
rendered the cells resistant to infection thus implicating 
sialic acid as a receptor. Sialog Iycoproteins ( or Franci 
inhibitors) when added to virus reversibly inhibit its 
subsequent attachment to cells, but a different class of 
proteins, the 6 or Chu inhibitors, also inhibit attachment, 
suggesting that other receptors may also be involved. The 
non-specific attachment of myxoviruses to glass and other 
inert materials (Allison and Valentine, I960) also indicate 
that several 'levels' of attachment may be possible.
s
(c) The attachment process
Myxovirus attachment results finally in a firm bond of 
viral HA to cell sialic acid, but at some stage, possibly early 
on, electrostatic forces are involved (Huang, 1974). Poly­
anions Inhibit the attachment of FPV (Allison and Valentine, 
I960), an effect which can be overcome by the addition of 
polycation DEAE-dextran (Takemoto and Fabisch, 1963). However, 
the pH dependence of attachment of myxoviruses shows a broad 
optimum, encompassing neutrality, which suggests that 
electrostatic forces are not vital to optimum binding.
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Stephenson, Hudson and Dimmock (in press) found that the 
attachment rate was largely unaffected by temperature, although 
the plateau level of attachment at 4° was only half that at 20°.
In an early study, Ishida and Ackermann (1956) reported that 
influenza exhibited two stages of attachment. Both were 
temperature independent, but the first was sensitive to RDE, 
acid and antibody and was reversible whilst the second stage 
was sensitive only to antibody and was irreversible. Perhaps 
virus which elutes off at 37° by the action of NA (Webster and 
Darlington, 1969) is trapped at the first stage of this process.
(d) Theories of attachment
It appears likely that the virus is initially loosely bound 
to the cell and that this interaction proceeds through several 
stages to a firm attachment. The transfer between these stages 
may be temperature dependent. In the first stages an electro­
static interaction may hold virus and cell together, 
subsequently a lock and key type complex may occur between the 
viral HA and cell receptor, producing the irreversible 
attachment with the resistance to sialidase outlined by Ishida 
and Ackermann (1956). This stage may also trigger the 
penetration mechanism.
An alternative model put forward by Lonberg-Holm and 
Philipson (1974) relates the tightness of the bond to the 
number of virus-cell receptor unions. Initially few receptors 
are linked but lateral movement of further cell receptors in the 
two dimensional fluid membrane of the cell towards the virus 
increases this original number and thus strengthens the 
attachment. This movement is inhibited by low temperature.
If the number of cell receptors is high, then the attachment 
process is independent of temperature for there will be 
sufficient receptors immediately adjacent to the virus to form 
a firm bond, whilst if the receptors are sparse the attachment 
will be inhibited at low temperatures when the membrane fluidity 
is reduced. Thus the variation in temperature dependence of 
different virus-cell systems may be accounted for by the number 
of cell receptors present. The proteolytic enhancement of virus 
attachment (Marchosi et a I., 1971) is explained, and the variation
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in attachment efficiency of viruses with different batches of 
CEF (Stephenson, Hudson and Dimmock, in press) may be due to 
differing sialic acid content of the cell batches.
3A Early Events: Penetration
(a ) Problems in investigation
The principle investigative tool of this stage of virus 
entry is electron microscopy. Unfortunately this powerful and 
elegant technique does not lend itself readily to quantitation.
It cannot determine whether the observed virus particle is 
leading to a productive infection whichis clearly necessary for 
animal viruses, where in some cases only one particle in 1,000 
is infectious. Artefacts can arise due to tangential sectioning 
as pointed out by Dourmashkin and Tyrrell (1974) who found that 
electron micrographs of thin tangential sections of virus and 
cell could appear to show fusion of membranes when the stage 
was tilted. Morgan et a I. (1968) were moved to conclude that 
it was impossible to decide between rival theories of virus 
penetration by electron microscopy alone. Nevertheless, this 
technique has permitted the derivation of different schemes of 
penetration.
(b) Penetration by endocytosis
Fazekas de St. Groth (1948) suggested that the entry of 
virus occurred by an endocytotic event in which the whole virus 
was engulfed in a pinocytotic vesicle, a process which he named 
viropexis. Recently m¡cropinocytosis, a process which occurs 
independently of temperature (Allison and Davies, 1974), was 
suggested (Stephenson, Hudson and Dimmock, in press) to account 
for the high rates of penetration of influenza observed at 4°.
(c) Penetration by fusion of membranes
In the major alternative to viropexis, it is argued that the 
envelope of the virus fuses with the cell membrane, releasing the 
viral core into the cytoplasm. Thus both penetration and the 
first stage of uncoating are achieved in a single process. Hoyle 
et a I. (1962) first described such a process in artificially 
produced cytoplasmic vesicles and this work was comprehensively 
amplified using competent host cells by Morgan and Rose (1968).
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(d) Penetration by Paramyxoviruses
Although Apostolov and Almeida (1972) presented compelling 
evidence that Newcastle disease virus can fuse with an 
erythrocyte, this cannot necessarily be extrapolated to infection.
In contrast to this, agents which enhance pinocytosis were found 
to increase the uptake of NDV (Durand et al., 1970). This is a 
method which avoids the pitfalls of electron microscopy but 
is correspondingly less direct.
Sendai virus has been shown to fuse with cell membranes by 
electron microscopy (Morgan and Howe, 1968), with cell autoradio­
graphy (Zhdanov et a I., 1963) and by correlating cell fusing ability 
of the virus with its infectivity in different cell systems 
(Scheid and Choppin, 1974). In the latter, the authors showed 
that the smaller glycoprotein of Sendai virus (F) was involved 
in the haemolysin and cell fusing activities. F, they found, 
was obtained from an inactive precursor Fq by a proteolytic 
cleavage accomplished by the host cell. The ability of the host 
cell to effect this cleavage correlated well with the infectivity 
of the virus produced. This represents ingenious evidence that 
paramyxoviruses penetrate by fusion.
(e) Penetration by myxoviruses
Morgan and Rose (1968) found that 85? of input influenza 
virus penetrated by fusion in the first 15 min at 37°, while 
Dourmashkin and Tyrrell (1970, 1974) found evidence only for 
pinocytosis. Evidence that influenza could penetrate CEF cells 
at 4° (Stephenson, Hudson and Dimmock, in press) showed that 
50-80? of virus became resistant to neutral ization by antibody 
and to treatment with acid after 15 min infection. This suggests 
that micropinocytosis is the method of entry, at least at this 
temperature. Furthermore, Stephenson, Hudson and Dimmock (in 
press) find that there is considerable variation in the penetrating 
ability of influenza at low temperature in different batches of CEF.
it seems possible that fusion and micropinocytosis may both 
be involved in virus penetration, the significant process 
depending on the temperature of infection and the host cell membrane. 
In support of this conjecture is the almost universal observation 
of both fusion and endocytosis of virus particles in electron 
microscope studies (though with different kinetics), and the
. « u n »
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demonstration with paramyxoviruses of significant penetration by 
micropinocytosis at 4° (Stephenson, Hudson and Dimmock, in press) 
and by fusion at 37° (Scheid and Choppin, 1974).
3A Early Events
Uncoating
(a) Stages of uncoating and their investigation
Uncoating of the enveloped viruses can be regarded in theory 
as a two stage process: first, the removal of the viral membrane; 
second, making the nucleic acid function in the first stages of 
multiplication (Long and Olusanya, 1972).
The viropexis theory (Fazekas de St. Groth, 1948) at first 
envisaged a fusion of the endocytotic vacuole containing virus with 
cell lysozomes and partial digestion of the viral and vacuolar 
membrane to liberate the viral core. However, it seems more 
likely that pinocytotic vesicles might fuse with internal 
membranes of the cell and release virus. Dourmashkin and Tyrrell 
(1974), in an electron microscope study, observed virus release 
from vacuoles without the aid of lysozomes. Presumably some 
degradative action is required since it has been found that inert 
particles, although taken up by endocytotic processes similar to 
those for viruses, remain in the pinocytotic vesicles (Epstein 
et a I., 1966). Dourmashkin and TyrrelI (1974) also observed fusion 
of viral- with vacuolar membranes which would expel the viral core 
into the cytoplasm.
If the virus fuses with its host cell membrane, then this 
incorporates the first stage of uncoating and liberates the free 
viral core into the cytoplasm. Thus the theories of penetration 
have only the second stage of uncoating in common.
Uncoatlng of the viral core is difficult to investigate since 
it is not known what sub-viral entities might occur and one is 
guessing at suitable isolation procedures. This stage has been 
studied (Nermut, 1970; Skehel, 1971; Rochovansky, 1976, for 
influenza viruses) by the analogy between uncoatlng and the species 
produced by detergent and proteolytic action in vitro. Both 
structural and functional investigations are possible.
(b) Uncoatinq of myxoviruses
Simpson,1971)
Since myxoviruses contain an RNA dependent RNA polymerase (Chow and/
capable of t r a n sc r ib in g  t h e i r  genome (Bishop e t  a I 1971; Content
j f c lS r s * .
T / 1 9
et a I., 1977), it seems likely that the proteins retained in
the viral core are those necessary for transcription.%
Recently Rochovansky (1976) has isolated a viral RNP 
containing two P proteins, the nucIeoprotein and the RNA, 
which appears to produce cRNA. Studies by cell fractionation 
using both conventional and nuclear monolayer techniques 
(Stephenson and Dimmock, 1975; Hudson, Flawith and Dimmock, 
in press), and using cell autoradiography (Armstrong and 
Barry, 1975) have shown that the input viral RNA moves rapidly 
to the nucleus. The site of initial transcription has been 
shown to be in the nucleus (Armstrong and Barry, 1974) though 
it was also observed in the cytoplasm by Stephenson and 
Dimmock (1975). Recent studies on the fate of labelled 
input virus have suggested that a viral RNP is transported 
to the nucleus even at 4° (Hudson, Flawith and Dimmock, in 
press).
For most of the remainder of this brief review of the 
multiplication cycle of influenza virus, it will clarify the 
presentation to separate the description of the processes 
involving RNA from those involving the proteins until the 
stage of virus assembly and budding.
3B Influenza Virus Multiplication Cycle: RNA Synthesis
An illustration of some of the processes of the virus RNA 
is presented in Fig. 1/2. After uncoating, the vRNA must 
undergo transcription, both to form a template for the 
subsequent replication to form progeny vRNA and to produce 
mRNA for translation. Also illustrated is the phenomenon of 
amplification in which either newly synthesized polymerase 
produces more transcripts from the original vRNA or 
replication produces more vRNA from which cRNA can be 
transcribed. Asymmetric protein synthesis results from 
selective amplification of the synthesis of some mRNA's
(Glass et al 1975).
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Fig. 1/2 The processes of virus RHA in multiplication
(a) Synthesis of complementary RNA(+)
Primary transcription involves the virion polymerase (Chow and 
Simpson, 1971; Penhoetet a I., 1971; Bishop et a I., 1971), and, as 
described earlier, has been accomplished in vitro. An RNA-dependent- 
RNA polymerase activity has been observed early in infection in 
microsomal fractions (Ho and Walters, 1966; Scholtissek, 1969;
Hastie and Mahy, 1973) though Hastie and Mahy found a similar 
activity in the nuclei. Armstrong and Barry (1974) decided, on 
the basis of cell autoradiography, that initial transcription was 
a nuclear event which would fit with the movements of the input 
vRNP (see Introduction 3 A : Denetration and Uncoating). However, 
Avery (1974) found cRNA to be predominantly cytoplasmic. Primary 
transcription appears to produce all the complementary RNA's as 
revealed by the pattern of viral protein synthesis immediately 
after release from cycloheximide block (Lamb and Choppin, 1976).
(b) Amplification of cRNA synthesis
Amplification of the process of complementary RNA production 
was first observed by Bean and Simpson (1973) who followed RNA 
production by hybridization with excess vRNA and found a biphasic 
production of cRNA in the early stages of infection. The 
amplification or second phase of synthesis was abolished by pre- 
treatment of the cells with cycloheximide but not the primary 
transcription, suggesting that a newly synthesized protein was 
required for amplification. It appears that this amplification is 
selective for certain of the cRNA's of Influenza (Inglis, S.C., Conti 
G. and Mahy, B.W.J., reported at Negative Strand Virus Symposium, 
Cambridge, 1977),resuIting in the time-dependent expression of 
viral proteins (Skehel, 1973). Previous work had suggested that only 
some of the RNA's were transcribed in early stages (Avery and Dimmock 
1975) and subsequently (Glass et a I ., 1975) that they were all 
present but some in greater quantity than others.
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(c ) S ignificance of polyA(+) and ( - )  s tran d s
At le a s t som e of the influenza cRNA's a r e  polyadenylated p o st-  
tra n sc r ip tiv e ly  (Etkind and K rug, 1974; MacNaughton e t a l . , 1975) and 
although cordycqjin  (an inhibitor of polyA add ition ) does not inhibit FPV 
m ultip lication  in CEF (Mahy et a l . . 1973), i t  does in BHK ce lls , and 
th is  is due to the d iffe ren t sp e c if ic itie s  of ho st ce ll enzym es (Rochovansky 
and Pons, 1975). G lass e t a l . (1975) f i r s t  rep o rted  th a t polyA contain ing 
cR N A 's hybrid ized  to a m axim um  of around 80% of the genom e w hilst 
p o ly A (-) RN A 's w ere com plem entary  to 95%. Hay e t a l . (Hay, A .J . ,
F e lln e r ,  P, Sm ith, J . ,  A braham , G. and Skehel, J . J .  a t  Negative S trand  
V iru s Sym posium , C am bridge, 1977) have found that th e se  two populations 
co m p rise  the v ira l m e ssen g e r RNA and progeny tem p la te  RNA resp e c tiv e ly . 
The polyA(+) s tran d s  a re  form ed by p re m a tu re  te rm ination  by the 
tra n sc r ip ta s e  and a r e  located exclusively  on po ly som es. They a re  
p re se n t in d iffe ren t am ounts and could account fo r the asy m m etric  
d istribu tion  of p ro te in s . In c o n tra s t ,  the polyA (-) s tra n d s  a re  p re se n t 
in roughly  the sam e am ounts. In the p resen ce  of cyclohexim ide, no 
po lyA (-) RNA was observed , and the ra tio  of polyA(+) s tran d s  was ’fixed ’ 
at the point a t  which the inh ib ito r was added.
(d ) Host c e ll  involvem ent
M inor and Dimmock (1975, 1977) have c lass ified  a v a rie ty  of RNA 
syn thesis  inh ib ito rs accord ing  to th e ir  action  on v ira l p ro tein  sy n th e s is .
In each  g roup  th e re  a re  a t le a s t two drugs (or tre a tm e n ts )  of d iffe ren t natu re  
having the sam e m a jo r ac tio n . Group II ( ct-am anitin, daunom ycin, 
nogalom ycin ) inhibit a l l  v ira l  pro tein  syn thesis  and allow  host p ro te in  
syn thesis  to re su m e . The p rin c ip a l action of these d rugs is on the 
DNA-dependent-RNA p o ly m erase  II. Group IV (cam ptothecin, u v -irra d ia tio n  ) 
inhibit syn thesis  of the la te  p ro te in s  M, HA and NA a t  a l l  effective d o se s . 
Cam ptothecin has been found to inhibit rRNA syn thesis  p re fe re n tia lly .
Group III (actinom ycin D, m lth ram ycin , echinom ycin) ac t like IV a t  a 
c r i t ic a l  dose and like II a t  h igher dosages. Thus it ap p ears  that the 
am plification  of tran sc rip tio n  of the e a r ly  RNA's re q u ire s  a nucleoplasm ic 
RNA syn thesis  (po lym erase II inhibited by a -a m a n itin )  w hilst that o f the 
late RN A 's, nucleo la r RNA syn thesis  (inhibited by cam pto thec in ).
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U sing c e ll  fusion to in s e r t  a m etab o lica lly  dorm an t avian 
ery th ro cy te  nucleus into c e lls  sp ec ifica lly  blocked with actinom ycin D 
p r io r  to in fection( Kelly and Dimmock (1974) w ere  ab le to d em onstra te  
tha t the avian nucleus was capable of supporting  the f i r s t  s tage of 
v iru s  p rotein  sy n th e s is . NP was d e tec ted  in the avian nucleus and 
subsequently  in the heterokaryon  cy to p la sm > but none of the late 
p ro te in s  w ere  ev e r  o b se rv ed . M inor an d  Dimmock (1976) showed that 
h e terokaryons form ed from  enucleated  BHK c e lls  and avian e ry th rocy tes  
w ere  a lso  com peten t to suppo rt th is f i r s t  s tage of v iru s  grow th .
C e llu lar DNA-dependent-RNA sy n th e s is ,e a rly  a f te r  infection,had 
been im plicated  in influenza v iru s  m u ltip lication  (Borland and Mahy,
1968). Two peaks of RNA syn thesis  of which only the f ir s t  is inhibited 
by a-arcanitln  have been observed  by liquid sc in tilla tion  counting (Mahy 
e t a l . . 1972) and by c e ll au to rad iog raphy  (A rm strong  and B arry, 1974t 
1975). R ecently , the e ffec ts  of o-am anitin  on influenza v iru s  growth 
in a c e ll line whose RNA sy n th esis  was re s is ta n t  to o'-arranltln (AMAI) ancj 
3 wild type CHO c e ll  line  have been de te rm in ed  (Spooner and B arry,
1977). It w as found that .in the presence of a-amanitin the virus grew 
normal ly in the m utant c e ll  line w h ils t it was com pletely  inhibited in 
the wild type. T hus It ap p ears  that h o s t c e ll  DNA- depen den t-RNA 
po lym erase  II is involved in the e a r ly  s ta g e s  of influenza tran sc rip tio n .
T h e re  m ay a lso  be o ther host c e ll  r e q u ire m e n ts . Rochovansky has 
rep o rted  two ce ll fa c to rs , one of them a pyrophosphatase, which enhance the 
activ ity  of the virion polymerase (Rochovansky, O .M . and C irao lo , P .J . 
a t Negative S trand V iru s Symposium C am bridge, 1977).
( e ) Synthesis of v ir io n (-)  RNA
Progeny vRNA m ight be tra n sc r ib e d  from  the unpolyadenylated fu ll- 
length tra n sc r ip ts  of the input virion RNA accord ing  to the schem e
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reported by Hay (see above). From his work it appears that a 
newly synthesized protein is required in the production of these 
templates (since their formation is prevented by cycloheximide) 
although It has been known for some time that the total process 
of vRNA synthesis was sensitive to cycloheximide (Scholtissek 
and Rott, 1970; Pons, 1973). This had been postulated to be 
due to a requirement for new NP to stabilize the newly 
synthesized RNA or a requirement for a viral or cell protein 
as a cofactor in the synthesis. Certainly vRNA synthesis seems 
to be linked to NP synthesis (Scholtissek et al., 1969). 
Alternatively, since cRNA synthesis is prolonged under these 
conditions, a protein may be required to effect the switch 
from cRNA to vRNA.
It has been widely reported that vRNA synthesis is 
insensitive to actinomycin D, at least over short periods (Rott 
et a I ., 1965; Scholtissek and Rott, 1970; Pons, 1973). This is 
consistent with the limited period of sensitivity of virus 
multiplication to the drug (Barry et a 1., 1962; Barry, 1964). 
However, actinomycin D does cause a reduction in virus production, 
even when added at later times (Gregoriades, 1970; Scholtissek and 
Rott, 1970; Skehel, 1973) which suggests that this interference 
with cRNA synthesis eventually affects vRNA synthesis.
(f) Site of synthesis of virion RNA
The site of vRNA synthesis is not clear at present. Two 
reports have tentatively suggested a nuclear location. Avery 
(1974) detected labelled vRNA in the nucleus of infected cells, 
but pulse lengths of I h were necessary to incorporate 
sufficient counts for analysis. Using base composition as an 
indicator of ( + ) or (-) strand RNA, Krug (1971, 1972) found 
that the viral RNP's in the nucleus were predominantly (-) 
strand, whilst In the cytoplasm there were populations of both 
( + ) and (-) strand RNA, but he again used I h pulse times.
(g) Association of viral RNA with NP
Although Krug (1972) detected free cRNA in the cytoplasms 
of infected cells, both Blobel (1971) and Pons (1971,1972) 
were led to conclude that viral RNA was only found In association 
with NP in a ribonuc Ieoprotein structure. Pons presented 
evidence that NP was added to cRNA during its synthesis as he 
was able to locate incompletely synthesized RNA molecules in 
an RNP fraction.
f t  * 9 ^  ..
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If cRNA is unstable when not associated with NP, as its absence 
as a free entity during the virus growth might suggest, it begs the 
question of how the first messages are transported into the cytoplasm, 
if indeed they are. The initial transcripts have no newly synthesized 
NP to protect or stabilize them, and if NP is required they would 
probably have to sequester pre-existing NP by displacing virion RNA 
from RNP's.
3C. Influenza Virus Multiplication Cycle: Protein Synthesis
Virus directed protein synthesis occurs very rapidly after 
influenza virus infection. Lamb and Choppin (1976) could detect 
newly synthesized viral proteins after only 45 min,and protein 
synthesis is well under way by the time of maximal cRNA synthesis 
which is at 2-2.5 hpi in CEF cells (Scholtissek and Rott, 1970;
Glass et a I., 1975). The maximal synthesis of individual viral 
proteins may occur at different times, and there are considerable 
variations, certainly of a quantitative and possibly of a 
qualitative nature,in different cell systems and with different strains 
of virus. No clear pattern has yet emerged, and it is prudent to 
be wary in the extrapolation of the results from a single virus 
stra'in-host cell system to that of influenza multiplication in 
genera I.
(a) Temporal expression of influenza proteins
Though first apparent in earlier results (Skehel, 1972), 
temporal expression of FP/Rostock proteins in CEF cells was reported 
by Skehel (1973). He found that, at 31°, the P proteins, NP and 
NS I appeared first, and M, at least, was not detectable until later. 
This pattern could be 'frozen' by addition of actinomycin D to 
prevent further mRNA synthesis. A newly synthesized protein was 
implicated in the 'switch' from early to late proteins due to the 
delay, after the removal of a cycloheximide block established early 
in infection, between the expression of early proteins (which 
occurred immediately) and the expression of late proteins (which 
occurred 30 min later). This has recently been questioned, however, 
by more extensive studies (see below). The phenomenon has also been 
observed in infected CEF and BHK cells at 37° (P.D. Minor, personal 
communication), but in WSN infected BHK cells Meiei— Ewert and Compans 
(1974) saw only an increase in the amount of M synthesized late in 
infection.
\
In WSN infected CEF cells the ratio of M and HA to other 
proteins synthesized after the release from a cycloheximide 
block depended on the duration of the inhibition (Lamb and 
Choppin, 1976). From this they concluded that regulation of 
protein synthesis occurred in this system. They also 
described differences in the amplification of viral proteins 
in this and a WSN/MDBK cell system, and this variation between 
systems was the theme of their recent report CLamb, R.A.,
Choppin, P.W. at Negative Strand Virus Symposium, Cambridge, 
1977). For example, in CEF, L and BHK cells, M was detectable 
from 0.5 hpi, and the rate of synthesis of NP, M and NS I 
remained constant to 6 hpi, whilst in CHO-S, HeLa, MDBK and 
CV-I cells, the rate of synthesis of M increased throughout 
this period. On treatment with inhibitors which restricted 
RNA synthesis to primary transcription different cell lines 
again gave rise to variations in the expression of viral 
proteins.
These data could be interpreted to mean that primary 
transcription of the 'late' viral RNA's requires a host 
function which involves a protein which is present in 
variable amounts in cell lines. The inhibition of protein 
synthesis in cell lines with excess of this protein thus has 
no effect, whilst in cell lines in which this protein is 
lim-iting late viral proteins are not observed at the same time 
as the early species and their expression is sensitive to the 
inhibitors. This protein could act at the level of transcription 
or translation.
(b) The synthesis of viral proteins
Although a large molecular weight precursor of influenza 
viral proteins was suggested from the work of Etchison et a I .
(1971), following the discovery of such a mechanism in polio 
infection, subsequent studies have not substantiated this 
(Compans et a I., 1970; Schulze, 1970; Skehel and Schild, 1971; 
Skehel, 1972). However, the HAO polypeptide is a primary gene 
product from which the HAI and HA2 molecules are derived by 
proteolytic cleavage (Lazarowitz et a I., 1971; Klenk et a I., 1972 
Skehel, 1972).
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The haemaggI utinin of the virus can exist in the uncleaved or 
cleaved form and this operation is performed by the host cell 
in some cell lines (Klenk et al., 1972, 1974; Hay, 1974) or by 
a serum protease after its activation by the host cell 
(Lazarowîtz et al., 1973) and can be performed in vitro 
(Lazarowitz et al., 1973; Stanley et al., 1973; Klenk et al.,
1975). The likelihood of this event occurring depends on both 
the conformation of the glycoprotein around the cleavage site 
and the specificity and activity of the host enzyme (Klenk et al., 
1977). The haemaggIutin in molecules are glycosylated by host 
cell enzyme systems and a non- or incompletely glycosylated form 
has been located after blocking glycosylation by glucosamine 
(Klenk et al., 1974). Inhibition of protein synthesis results 
in the immediate inhibition of glucosamine incorporation whilst 
fucose addition continues for 15 min (Stanley et al., 1973).
This was interpreted as indicating that the sugar chains contained 
glucosamine before fucose though the mechanism and significance 
of this interdependence is unclear.
All the other influenza virus proteins appear to be primary 
gene products with the possible exception of the non-structuraI 
proteins NS2 (approximately II k daltons) and other small 
molecular weight virus induced species sometimes found in infected 
cells. First observed by Skehel (1972) and subsequently by 
other workers (Krug and Etkind, 1973; Hay, 1974; Minor and 
Dimmock, 1975), NS2 may be a degradation product of NS I along 
with several other proteins observed by Lamb and Choppin, (Lamb, 
R.A. and Choppin, P.W. at Negative Strand Virus Symposium, 
Cambridge, 1977) by two-dimensional tryptic peptide analysis. 
Matrix protein was found, on treatment with trypsin, to give 
two specific degradation products of 13 and 6 k daltons (Oxford 
and Schild, 1976) and these may be analagous to some of those 
observed in vivo.
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3D Location and Movement of Viral Proteins between Compartments 
of the Host Cel I
(a) Techniques
T he associa tion  of v ira l p ro te ins w ith  c e ll  com partm en ts  detailed  in
th is section  r e s t  heavily  on the techniques of c e ll frac tio n a tio n . The
p ro b lem s and p itfa lls  of p reparing  n u c le a r  fractions a r e  d ea lt with in the
Appendix. C ytoplasm ic fractionation stud i es have generally followed the 
2+ hod of CaIigu i r i
a T am m  (1970) which Involves the u se  of centrifugation  on d iscontinuous 
su c ro se  g rad ien ts  to produce d isc re te  bands of m em braneous m a te r ia l.
T hese  g en e ra lly  d istinguish  rough and sm ooth  endoplasm ic re ticu lu m , a 
p lasm a m em brane frac tion , a fraction  containing f re e  r ib o so m es and a 
soluble frac tio n . T he frac tio n s a re  com m only  identified by the ir ap p earan ce  
by e lec tro n  m icroscopy  (Compans, 1973; Klenk et a l . . 1974), and by th e ir  
enzym e content (Hay, 1974). T his is obviously only a crude d istinguishing 
p ro c e d u re , giving the predom inant m e m b ran e  spec ies  in each  fraction  
The p ro b lem s of c ro ss-con tam ination  o f  frac tio n s »both by v i r a l  p ro te in  
re a sso c ia tin g  with adjacen t frac tio n s, and by m em brane resed im en tin g  at 
d iffe ren t den sitie s .h as  been d escribed  (Com pans, 1973). N ev e rth e le ss , 
d is tin c t populations of v ira l protein can  be iso lated  from  som e of th ese  
fra c tio n s  and fu r th e rm o re , they can so m e tim es  be chased  from  fraction  
to frac tion  in the co u rse  of v iru s  m u ltip lica tio n . T hus these  re su lts  
g ive one of few insights into the m ovem ent and location of v ir a l  polypeptides 
within the cytoplasm  of the infected c e l l .
A nother pow erful technique for follow ing the m ovem ents of v ira l  
com ponents is in d irec t im m unofluorescence. In th is  m ethod, Infected 
ce lls  a r e  fixed, then exposed to a sp e c if ic  a n tise ru m . T h is  is u sua lly  
ra is e d  in rab b its  aga in st the purified  v i r a l  com ponent,and absorbed  
ex tensively  against d isrup ted  un infected  c e lls  and unw anted v ira l 
com ponents. The u se  of recom binan ts has enabled sp ec ific  a n tise ra  to 
be r a is e d  against the su rface  g ly co p ro te in s  (Kilbourne e t a l . ,  1968).
A fter trea tm e n t with specific a n tise ru m , the c e lls  a r e  then exposed to 
an an tise ru m  to the f i r s t  antibodies ( i. e . a n ti-ra b b it IgG) to which a 
flu o re sc en t m olecule has been a ttac h ed . A fter w ash ing ,concen tra tions of 
v ira l com ponents can be located by th e ir  fluo rescence  when observed  
u n d er a m icroscope with uv op tics .
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(b) Location of mRNA's as evidence of the initial site of viral 
protein synthesis
It was thought that the distribution of cRNA segments 
between membrane bound and free ribosomes would be distinct 
and non-overlapping and thus hybridization to excess with total 
vRNA would be incomplete for both populations. This was not 
found to be the case, although an asymmetric distribution of 
the cRNA was observed (Glass et al., 1975). The RNA's coding 
for the glycoproteins and M associated predominantly with 
membrane bound ribosomes, whilst the P proteins, NP and NSI 
were found mainly with free ribosomes (McGeoch et al., 1976).
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(c) NucIeoprote i n
This protein is present in the nucleocapsid of the virus and 
can be located in similar structures in the infected cell (see 
Introduction: 2B: the Polypeptides of the Virus). By radio- 
labelling and subsequent analysis by polyacrylamide electrophoresis,
NP has been shown to be synthesized in the cytoplasm and to migrate 
rapidly to the nucleus (Taylor et a I., 1969, 1970; Lazarowitz et a I., 
1971; Krug and Etkind, 1973; Hay and Skehel, 1975). There have been 
no reports of this protein returning to the cytoplasm by this method 
of detection.
By fluorescence methods the 'g' or ribonucIeoprotein antigen 
found in the virion was located solely in the nucleus of CEF cells 
at 3 to 5 hpi whilst the cytoplasm exhibited no fluorescence. 4 h 
later, fluorescence was detectable in the cytoplasm, and by 14 hpi 
the whole cell was fluorescing, completely obscuring the nucleus 
(Breltenfeld and Schafer, 1957). These experiments were repeated 
by Maeno and Kilbourne (1970) who reported a similar result using 
monospecific antisera to NP In an infected human cell line. It has 
been reported that an 'emptying' of the nucleus can be observed In 
FPV Infected CEF cells occurring only li-2 h after the initial 
appearance of fluorescence In the nucleus (Fraser, 1967; Kelly and 
Dlmmock, 1974) In contrast to the previous workers who observed 
only that the cytoplasmic levels of NP rise later In Infection until 
the whole cell fluoresces.
It has been a tantalizing prospect to demonstrate the movement 
of NP back Into the cytoplasm (representing virion RNP's on their 
way to assembly into virions) but evidence for this Is as yet lacking. 
Hay and Skehel (1975) could find no evidence for any such movement, 
though much of their observation concerned proteins synthesized late 
In infection which may not take part in virion formation. These 
authors also studied the kinetics of accumulation of NP in the 
nucleus (t^*^ 3 min) and its Incorporation into virions (time lag 
45 min - see later) and decided that nuclear NP could be destined 
for assembly in virions. In contrast, Krug (1972) decided that 
RNP's which he isolated from sucrose gradients of the nuclear fraction 
from Infected cells were not the precursors of cytoplasmic RNP's.
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E ffo rts  to sub fractionate  nucle i, to  fu rth e r  re f in e  the location of NP, 
a r e  ham pered  by the rea sso c ia tio n  of nucleoplasm ic elem ents w ith a ll 
frac tio n s  and the fra g ility  of nuc leo li, espec ia lly  la te r  In in fection .
H owever, both T ay lo r et a l . (1970) and , m ore  recen tly , Krug and Soeiro 
(1975) have suggested  that NP is p redom inan tly  nucleoplasm ic though 
Krug and Etkind (1973) a lso  found su b s tan tia l am ounts in th e ir  n u c leo la r 
f ra c tio n .
Thus th e re  is a g e n e ra l concensus that NP, syn thesized  in the c y to ­
p la sm , m ig ra te s  rap id ly  to the nucleus and m ay be concentra ted  in the 
nucleop lasm . T h e re  is no evidence fo r  su b stan tia l am ounts of th is  
p ro te in  re tu rn in g  to the cy to p lasm . However, the d istribu tion  of the NP 
antigen a l te r s  through the co u rse  of infection, and th e re  a re  re p o r ts  of 
an 'em pty ing ' of the nucle i.
T h e  location and m ovem ent of NP in the cytoplasm  has been ex tensively  
s tud ied . T h e re  is g e n e ra l a g re e m e n t tha t NP is in itia lly  p re se n t in the 
soluble frac tio n , but m uch of it subsequently  becom es sed im en tab le  (Compans , 
1973; Hay, 1974; Klenk e t a l . . 1974). In its sed im entable fo rm , the NP is 
found a t a density  In term ed iate  between rough and sm ooth endoplasm ic 
re ticu lu m  and is p robably  p re se n t a s  a ribonucleoprotein  com plex 
cosed im enting  with the m e m b ra n e s . Hay and Skehel (1975) iso la ted  a 40 s 
com plex from  th is  region of the g ra d ie n t which contained NP and P1 and 2 
and exhibited  RNA p o ly m erase  ac tiv ity . NP is p re se n t in g re a t  excess 
re la tiv e  to the o ther p ro te in s  co m p ared  with 1tiis ra tio  in v irio n s , and is not 
chaseab le  in the cy top lasm  (M eier - E w ert and Com pans, 1974), a common 
observation  (Hay, 1974; Klenk e t a l . . 1974). By pulsing infected  ce lls  at 
various tim es a f te r  infection, ch asin g  to the com pletion of the v iru s  grow th 
cycle and then analyzing the v ir io n s  produced, it has been determ ined  that 
m ost of the NP found in v irio n s is syn thesized  e a r ly  in infections in 
c o n tra s t to M and HA (M eie r-E w ert and Com pans, 1974 K rug, 1972).
(d) N o n -s tru c tu ra l p ro te in : NS1
T h is  pro tein  m ig ra te s  to the n ucleus and m oves m o re  rap id ly  than NP 
QTaylor et a l . . 1969, 1970; L azaro v itz  e t a l . .  1971; Hay and Skehel, 1975).
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It is thought to be concentrated in the nucleolus from evidence 
provided by the subfractionation of nuclei by Krug and Etkind (1973) 
and most recently with the additional refinement of purification of 
the nucleoli on Renografin gradients (Krug and Soeiro, 1975). Both 
of these studies encountered considerable problems from the 
reassociatbn of nucleoplasmic components, and the loss of nucleolar 
associated protein during processing. A more direct approach, 
using the immuno-fIuorescent technique, showed that a non-structurai 
virus specified antigen was concentrated in the nucleolus (Dimmock,
NS I is also present in the cytoplasm. After a report by Pons
(1972) that NSI was found in association with ribosomes, much 
interest was centred on its possible role in redirecting cell 
profein synthesizing machinery. Compans (1973) found NSI in the 
cytoplasm to be exclusively polysomal whilst Klenk et a I. (1974) 
also found it in polysome fractions. However, it was reported 
(Krug and Etkind, 1973) that although NSI appeared in association 
with ribosomes in the normal course of extraction, no associated 
NSI was found if the ribosomes were extracted in the presence of 
high salt, puromycin and magnesium ions, in which state they were 
purported to be reactivable. This, they suggested, indicated that 
NSI was not behaving like a ribosomal structural protein. However, 
a looser yet specific association cannot be ruled out. In support 
of this type of specific association, Klenk et a I. (1974) found 
that the association of NSI with ribosomes was partially dependent 
on viral gIycosyIation processes since a glucosamine block reduced 
the amount of NSI recovered in the ribosome fractions.
A curious phenomenon has recently been reported in which 
crystalline aggregates of NSI were observed very late in influenza 
infected cells (Morrongiel lo and Dales, 1977) which may correspond 
to the aggregates of unknown composition reported by Compans and 
Dimmock (1969). Apart from NSI these complexes contain traces of a 
helical component containing NP, possibly the remain* of a replication 
complex, and are fringed with ribosomes. The relevance of this 
structure to the influenza virus growth cycle Is unknown, but the 
phenomenon may enable the preparation of NSI for X-ray diffraction 
study and sequencing.
1969)
(e) The P proteins
Until recently (IngIis et a I ., 1976; Lamb and Choppin, 1976), 
these proteins have not been readily detected due to the small amounts 
present in the infected cell. This is particularly galling 
considering their probable participation in the processes of RNA 
synthesis of influenza. Although Krug and Etkind (1973) detected 
P proteins in nucleoli and nucleoplasm, Hay and Skehel (1975) found 
them barely detectable in the nucleus and predominantly in the 
soluble cytoplasm. This was also reported by Compans (1973) and 
Klenk et a I. (1974) found 'large amounts' of the P proteins in this 
fraction. The P proteins seemed to follow NP with regard to their 
kinetics of incorporation into virions (Meier-Ewert and Compans,
1974; Hay and Skehei, 1975).
(f) The glycoproteins, HA and NA
Most workers have found that of the glycoproteins it is easier 
to follow the path of the haemagglutinin molecule through the 
infected cell than that of the NA which is renowned for its poor 
labelling properties. HA appears to be synthesized on rough ER and 
most of the HA is located in this fraction when glycosylation is 
inhibited b^ glucosamine (Klenk et a I., 1974; Hay, 1974). The 
molecule can be chased into smooth ER and concentrates here (Compans, 
1973), and in the plasma membranes (Hay, 1974; Lazarowitz et a I.,
1971; Compans, 1973) where it becomes predominant later in infection. 
The site of cleavage appears to depend on the host cel I and the 
configuration of the glycoprotein as detailed earlier, but cleavage 
has been observed in fractions of smooth ER and of plasma membrane.
By using an ingenious technique involving the isolation of plasma 
membrane fragments and their separation on the basis of 
precipitation by red blood cells. Hay (1974) separated populations 
of fragments with and without haemaggIutinating activity. Using 
this method, he was able to demonstrate that HA molecules were 
inserted in the cell membrane at positions distinct from the site 
of virus budding. These proteins could be chased into the sites 
of maturation where cleavage occurred, and thus it appeared that 
it was the cleaved HA's which specified the site of virus assembly.
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Neuraminidase moves more slowly from its site of synthesis on 
rough ER through smooth ER to plasma membrane than the haemagglutinin 
(Hay, 1974) and becomes more generally distributed in the plasma 
membrane than HA I and HA2 which are localized in discrete regions.
It has been postulated that a difference in glycosylation rates 
between the two glycoproteins accounts for this difference in 
incorporation kinetics, but firm evidence is lacking (Hay, 1974).
The visualization of HA and NA by immunofluorescence has 
indicated that both glycoproteins are concentrated initially at 
sites peripheral to the nucleus (Breitenfeld and Schafer, 1957;
Maeno and KiI bourne, 1970; Kelly and Dimmock, 1974). Sometimes 
the fluorescence around the nucleus is asymmetric with concentrations 
at the poles of the cell (Maeno and Kilbourne, 1970). Later in 
infection, the fluorescence is predominantly on the cell margin 
and the level in the cell cytoplasm is raised.
The movements of the antigens correlate well with the results 
from cell fractionation and presumably reflect the synthesis and 
processing route of these components and their site of assembly at 
the cell membrane.
(g) The matrix protein
Recently antisera has been prepared against the matrix protein 
and, using the Indirect immunofIuorescent technique, Oxford and 
Schtld (1975) found that in the majority of cells M remained cyto- 
plasmic..but that, in about 5* of them, nuclear fluorescence was 
observed. Gregoriades (1973) reported M in the nucleus, using an 
acidified chloroform-methanol extraction which was claimed to remove 
only this viral protein. However, recently Gregoriades has found, 
using tryptic peptide analysis, that both M and NSI are extracted 
(Gregoriades, A. at Negative Strand Virus Symposium, Cambridge, 1977).
Hay and Skehel (1975) found that M could be chased into the 
nuclear fraction but at a slower rate than that of NP or NSI. From 
the kinetics of its incorporation into virions, these authors 
concluded that nuclear M cannot be destined to move subsequently to 
the cell membrane to be assembled into virions. These workers studied 
proteins synthesized late in virus multiplication (5 hpi in CEF) 
which might not get incorporated into virions. Given the very large 
amounts of M synthesized at this time, it is doubtful whether 
movements of a small amount of M from the nucleus would be observed.
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There is general agreement that, using the cytoplasmic 
fractionation techniques described, M protein cannot be located 
in subviral particles prior to their incorporation into virions 
(Compans, 1973; Hay, 1974). This protein can be chased from 
rough ER to the smooth membrane fraction, but it accumulates 
here and becomes the predominant viral protein (K1enk et a I.,
1974) and cannot be chased (Compans, 1973). Both Lazarowitz 
(1971) and Hay (1974; Hay and Skehel, 1975) found M in the 
plasma membranes of infected cells. Some part of the smooth 
endoplasmic reticulum fraction of Klenk et a I. (1974) and 
Compans (1973) is probably plasma membrane; thus the large amount 
of matrix protein found there is in accord with the observations 
of Lazarowitz and Hay. This idea is reinforced by the apparent 
binding of added virus to this fraction, since virus binds to 
plasma membrane. The result of this is a change in the density of th 
virus band on sucrose gradients (Klenk et al., 1974).
Meiei— Ewert and Compans (1974) found that matrix protein
could bind to membranes non-specificaI Iy after fractionation and
might have an affinity for them, thus indicating caution in the
Interpretation of fractionation studies. They suggested that
M is incorporated into virions by a different pathway from
both the glycoproteins and the nucleocapsid. This is supported
by the data of Hay (1974) who found that M was incorporated 
directly after synthesis into virions, whereas HA was incorporated 25 
min following synthesis, and NP 45 min after synthesis. The
arrival of M, Hay suggested, was thus the final prebudding event
which might trigger virus budding. It had been reported
previously that synthesis of M was rate-Iimiting in virus
production (Lazarowitz et a I., 1971; Stanley et a I ., 1973) and
this would agree with the data of Hay. However, his study also
showed that matrii' protein was incorporated linearly for some
time after its synthesis which, together with its inability to
be chased, led him to postulate that M protein was incorporated
into virions from a large pool in the infected cell and thus
was not a rate-limiting step (Hay, 1974).
(h) Summary
After synthesis has occurred in fhe cytoplaen, 1he evidence indicates 
that influenza virus protein transport may involve a number
of separate pathways. NP, M and NS I migrate to the nucleus 
(M possibly more slowly than the other two) where NS I 
becomes associated with the nucleoli whilst NP remains 
nucleoplasmic. There is little convincing evidence in 
the literature to date for a move by any of these proteins 
back into the cytoplasm, although this is assumed to occur in 
the accepted dogma of influenza multiplication. In the cyto­
plasm, the putative glycoproteins move from their site of 
synthesis, on rough ER close to the nucleus, via the smooth 
ER to the plasma membrane, undergoing glycosylation (HA and 
NA) and cleavage (HA) en route. They are incorporated in 
the plasma membrane, probably by normal cell processes, and 
then ha^magg I utinin is rapidly concentrated into localized 
areas. The nucleocapsid is incorporated after a 45 min 
delay which may involve it migrating to and from the nucleus. 
Another transport pathway incorporates the matrix protein 
into virions immediately after its synthesis, possibly 
triggering the budding of the virion on arrival at the 
plasma membrane. The P proteins are assumed to mirror NP 
in their movements though evidence is lacking. NSI in the 
cytoplasm is associated predominantly with polysomes and 
ribosomes, which might, together with its affinity for the 
nucleolus, suggest a function in modification or direction 
of.-the host cell protein synthesizing machinery.
4. Movement of the Proteins of Adenovirus between Cytoplasm
and Nucleus and the Suggestion of a Mechanism for such
Transport
Adenovirus is a DNA virus (Class I, Baltimore, 1971) and 
differs in many respects from influenza, not least in respect of 
virion assembly in the host cell nucleus, yet they have 
important nuclear processes in common. The genetic material 
is assembled and packaged into cores in the nucleus, and from 
that site appear to come the signals which dictate 
amplification or switching of virus synthetic functions.
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A denovirus
A denovirus is a doub le -stranded  DNA v iru s  with a lin ear genom e of 
23 x 106 daltons capab le of coding for 1.1 x 10^ daltons of p ro te in s  o r 
about 20-50 sp e c ie s . It is a non-enveloped v iru s  with an ico sah ed ra l 
sh e ll of pro tein  subun its, the capsid  s tru c tu re , with p ro jec ting  sp ikes 
a t each v e rte x  and an Inner c o re  containing pro tein  and DNA. T he m a jo r 
un it of the capsid  is the hexon (protein II) of 120 k daltons; the spike 
co n s is ts  of the penton base (III) and f ib re  (IV ). A num ber of p ro te in s  
a re  a sso c ia ted  with the capsid  (VI, EX am ongst o th e r s ) .  T he inner 
c o re  is com posed of the DNA and a co re  pro tein  VII , and an asso c ia ted  
m inor sp ec ie s  V (Philipson e t a l . . 1975). T he assem b ly  of progeny 
v irions takes p lace  In the nucleus.
A denovirus: P assage of the Input V irion to the N ucleus
T h e re  a re  th ree  stages of uncoating of the input v iru s  reco rd ed  in the 
l i te ra tu re . The f i r s t ,  which rem oves the penton c a p so m e rs , m ay take 
p lace alongside the p o res  in the n u c lea r m em brane w hilst in the second 
stage the D N A-protein co re  e n te rs  the nucleus leaving the capsid  
s tru c tu re  outside (Chardonnetand D ales, 1972). F inally , within the f i r s t  
2 h of infection, fu rth e r  p ro te in s  a re  rem oved from  the c o re  to leave a 
depro te in ized  DNA m olecule (Lonfcerg-Holm and Philipson , 1969). It 
has been suggested  that m icro tubu les m ay be involved in the tra n sp o rt of 
adenovirus from  the p lasm a m em brane to the nucleus since  the v iru s  is 
often found c lo se  to them  when observed  by e lec tron  m ic rosocopy . A 
specific  associa tion  between these  o rgane lles  and the v iru s has been 
rep o rte d  (Luftig and W eihinger, 1975) and th is  c o r re la te s  with the slow ing  
of v iru s  tra n sp o r t to the nucleus, when these c e lls  w ere  tre a te d  with 
v inb lastin , a drug  whicn d iso rg an izes  m ic ro tubu lar s tru c tu re . T h is  has 
been fu rth e r  investigated  (W eatherbee et a l . .  1977) when it was found 
that a p ro tein  of high m o lecu lar w eight asso c ia ted  with the m ic ro tubu les  was 
req u ired  fo r specific  v iru s  binding. However, the am ount of non-spec ific  
binding was high, and in these  stud ies it is d ifficu lt to p rove that such 
associations a re  re lev an t to the tra n sp o rt p ro c e s s . Nevertheless, this 
Is one of very few Investigations of the actual mechanism of such 
transport processes and provides an indication of the sort of 
mechanism which may move influenza proteins between cytoplasm and nucleus.
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A denovirus: T im e sca le  of M acrom olecu lar Synthesis
'E a r ly ' p ro te in s  a r e  syn thesized  f i r s t  and p rec ed e  DNA sy n th esis , 
w hile 'la te ' p ro te in s  a re  syn thesized  as  genom e rep lica tio n  p ro ce ed s . 
E a rly  p ro te in s  co m p rise  n e a r  to 50% of the genom e and a re  de tec tab le  
a t between 2 and 6 hp i. At least one v ir a l  antigen (T ) is ex p ressed  
p r io r  to DNA sy n th e s is , and probably  a lso  a second (P ). DNA 
rep lica tio n  com m ences a t 6 to 8 hpi and a t th is point la te  m e ssag e s  
a p p e a r . T h ese  code for the s tru c tu ra l  p ro te in s  of the capsid  which 
ap p ear to be assem b led  into an em pty s tru c tu re  into which the DNA - 
p ro te in  co re  is in se rted  (Horw itz e t a l . . 1969; Sundquist e t a l . . 1973). 
T he f i r s t  v irio n s can be detec ted  at 10 to  11 hpi and m axim um  re le a se  
o cc u rs  a t 20 to 24 hp i.
A denovirus: M ovement of P ro te ins within the Infected C ell
V elicer and G insberg  (1970) when analysing  la te  v ir a l  p ro te in s  on 
su c ro se  g rad ie n ts  found that polypeptide chains w ere  released from  
polysom es within 1 min of ch a se . Within 6 min th e ir  tra n sp o r t into the 
nucleus was com ple te . T h is  coincided with th e ir  assem b ly  into 
m u ltim eric  capsid  p ro te in s , and the developm ent of an tigen ic ity . Horwitz 
et a l . (1969) a lso  found the rap id  developm ent of ca p so m e re s  a f te r  
p ro te in  sy n th e s is . It is thought tha t th is  a ssem b ly  o ccu rs  within the 
nucleus and thus tra n sp o r t into that o rg an e lle  m ust be v e ry  ra p id . The 
c o re  protein  p re c u rs o r  P-V II is found in the nucleus w here its cleavage 
to VII is very  slow (50% in 12 h )  (Anderson e t a l . . 1973).
A su rvey  of ts -m u ta n ts  (R usse ll e t a l . . 1972) produced  two groups 
which w ere  defective in capsid  p ro te in . One group  failed  to m ake the 
hexon antigen a lto g e th er, w hilst in the o ther group  the hexon antigen 
was detected  by im m unofluoroescence, but it accum ulated  ou tside the 
nucleus. It w as p resum ed  that e i th e r  the pro tein  w as defective such 
that it was not ab le  to e n te r  the nucleus (whilst s t i l l  retain ing its 
antigenic configuration ) o r  that som e o ther v ira l com ponent was involved 
in its  tra n sp o rt through the n u clea r m em brane and th is was absen t o r  
non-functional. A rginine deprivation  allow s the sy n th esis  of s tru c tu ra l 
p ro te in s , but again no m igra tion  to the nucleus can be detected  (Mark
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and Kaplan, 1971). Since the synthesis of these proteins is 
little affected, it suggests that the transport is effected 
by another newly synthesized, virus-induced protein which is 
rich in arginine.
The synthesis and accumulation of the early, DNA banding 
protein (DBP) of molecular weight 70-75 k daltons has been 
followed by indirect immunofluorescence techniques (Sugawara 
et a I., 1977). DBP accumulates in the cytoplasm from 3-7 hpi
and appears as a diffuse area of stain. Concentrated 'dots' 
of fluorescence appear in the nucleus from 8-14 hpi and the 
cytoplasmic levels are drastically reduced. A link between 
the synthesis of DBP and DNA replication was suggested since 
DNA synthesis begins at 7 hpi and in the presence of cytosine 
arabinoside Can inhibitor of DNA synthesis) DBP continues to 
accumulate in the nucleus.
These then are some tantalizing Indications of the 
specificity and mechanism of virus protein transport and 
suggest that it may be possible to probe the control of 
influenza protein transport within the infected cell by the 
use of selective inhibition or temperature sensitive mutants 
of transport processes.
5. Influenza Virus Release
In contrast to the controversy over virus entry into the 
ceil, there is general agreement that influenza virus is 
released by budding from the plasma membrane. The cellular 
origin of the viral membrane and the sequence of assembly of 
viral components has already been described. Electron 
microscopy has shown virus budding from the membrane (Compans 
and Dimmock, 1969) and although newly synthesized virus is also 
seen in what are apparently cytoplasmic vacuoles, these have 
been shown by thorotrast staining to be derived from the 
plasma membrane.
Influenza virus release: the assortment of RNA segments
With the knowledge that the genome is composed of separate 
RNA segments, the question of their sorting and packaging in the 
virion arises. Although there may be precise selection of the 
correct set of segments, the low infectivity of some strains of 
influenza has led some investigators to suggest that random or 
near random packaging of eight segments may occur (Hirst, 1962, 
1973). However, this would lead to very low PFU:particle ratios
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It is possible that extra segments may be incorporated (Compans 
et a I., p. 99-100, 1970b) or there may be certain restrictions 
on the number of segments of each size class incorporated. For 
example, it has been calculated that a random incorporation of 
three large segments, three intermediate and two small segments 
would lead to a PFU-particle ratio in the range similar to that 
observed as would the incorporation of one extra segment in an 
entirely random arrangement (P.D. Minor, personal communication).
The observation that aggregation of virus particles enhances 
infectivity suggests that defective particles can complement one 
another, especially if they enter the cell at the same point 
(Hirst and Pons, 1973). This might be suggestive of random 
packing by indicating one mechanism by which the virus may have 
overcome its disadvantages. It would not be relevant here to 
review in any greater depth the investigations of this aspect of 
influenza virus. However, the possibility of an essential multi­
particle viability would necessitate a fascinating change of view­
point from which to base a teIeologicaI consideration of the virus 
growth cycle.
6. The Nuclear Role in Influenza Virus Infection
The particular nature of involvement of the nucleus of the 
host cell in infleunza virus multiplication is unique amongst viruses. 
The intention of this short survey is to bring together the data, 
some of which has already been presented in earlier sections, and 
present it to highlight our present knowledge of the nuclear events. 
The first suggestion that host nuclear functions were involved came 
when Barry and coworkers (1962; Barry, 1964) demonstrated the 
inhibition of influenza multiplication after treatment of host cells 
with uv light or actinomycin D. Clinching evidence of this nuclear 
requirement came in 1974 when Follet et a I. demonstrated that 
influenza did not multiply in enucleate cells in conditions which 
supported the growth of paramyxoviruses.
The paradox in nuclear involvement had been apparent since it 
was demonstrated that neither the in vitro virion RNA transcriptase 
activity nor the cell free synthesis of virion proteins directed 
by viral mRNA extracted from infected cells were inhibited by AMD. 
Recently Content et a I. (1977) have shown that virion proteins can 
be synthesized in a coupled transciption/translation system from 
disrupted virions, and this coupled process too is resistant to 
AMD. Thus it appears that much of the virus multiplication cycle 
can be created in vitro without the requirement of nuclei.
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Furthermore, the only RNA step yet to be accomplished in a cell free 
system, the replication of vRNA from cRNA, appears to be insensitive 
to actinomycin D in vivo, and thus might not involve host nuclear 
processes.
Substantial evidence has now accumulated that the host DNA- 
dependent-RNA polymerase II (pol II) is involved in influenza virus 
replication, though the precise nature of its role is still unclear. 
Whether this activity is the whole or only part of the host nuclear 
involvement is not, as yet, resolved. Borland and Mahy (1968) 
described a DNA-dependent-RNA polymerase activity induced in the 
infected cell. Later, following the demonstration (Rott and 
Scholtissek, 1970) that influenza RNA synthesis is sensitive to 
ci-amanitin, a drug which inhibits pol II specifically (Stirpe and 
Fiume, 1967), Mahy et a I. (1972) showed that of two peaks of RNA 
synthesis in infected cells, only the first was a-amanitin sensitive. 
This observation was subsequently reinforced by cell autoradiography 
(Armstrong and Barry, 1974) which also showed that this synthesis 
occurred in the cell nucleus. Recently it has been shown that in 
cells in which pol II is resistant to the drug, a-amanitin has no 
effect on viral replication (Spooner and Barry, 1977). The 
comprehensive study of inhibitors by Minor and Dimmock (1975, 1977) 
showed that a group of drugs inhibited influenza replication like 
a-amanitin, but they also described a specific inhibition of the synthes 
of some viral RNA's with another group of treatments. Some drugs 
(including actinomycin D) inhibited the synthesis of some viral RNA's 
at a critical dose, and all RNA synthesis at higher doses.
The demonstration of early and the absence of late influenza 
antigens in erythrocyte-actinomycin D treated BHK cell heterokaryons 
(Kelly and Dimmock, 1974) and erythrocyte-enucIeate BHK cell hetero­
karyons (Minor and Dimmock, 1976) also suggested two host-dependent 
events, of which only the former was provided by the erythrocyte nuclei. 
However, it is possible that there is a requirement for a host nuclear 
process and/or product which is different in intensity between the 
eight viral segments. This could account for the erythrocyte data 
and would also accommodate the results of Lamb and Choppin (Lamb and 
Choppin, 1976; Lamb, R.A. and Choppin, P.W. at Negative Strand Virus 
Symposium, Cambridge, 1977) who found that all the viral messages 
were transcribed in some cell systems whereas only some were
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transcribed in others. In this case, a host product might be present 
in limiting amounts, allowing the transcription of the less sensitive 
viral RNA's but precluding the processing of the RNA's with a greater 
requirement for the host product. The step involved might well be an 
initiation of transcript which has not been reliably observed in the 
in vitro systems, i,e. all in vitro RNA and protein synthesis takes 
place in the absence of re-initiation of transcription.
The virion polymerase is stimulated in vitro by dinucleotides up 
to 100-fold (McGeoch and Kitron, 1975) and the role of these as primers 
in the synthesis of cRNA's has been suggested to mimic a postulated 
in vivo system in which an RNA primer is synthesized by pol II in the 
nuclei of infected cells (Plotch and Krug, 1977; Krug, R.M., Plotch,
S.J. and Tomasz, J. at Negative Strand Virus Symposium, Cambridge,
1977). There is, as yet, no evidence for this postulated system 
in v i v o .
There is a wealth of purely circumstantial evidence for nuclear 
involvement, some of which indicates processes that might be sited in 
the nucleus. There is evidence of transport to the nucleus of the 
input RNA, input RNP's (though some at least migrate back to the cyto­
plasm at an early stage in infection), newly synthesized P proteins,
NP, NSI and M and newly synthesized vRNP's.
The location of Influenza RNA synthesis is still controversiaI . 
Early reports located virus directed RNA synthesis In infected cells 
in microspmal fractions (Ho and Waiters, 1966; Scholtissek and Rott, 
1969; Scholtissek, 1969; Mahy and Bromley, 1970) with a maximum 
activity at 6 hpi. This is probably newly synthesized polymerase on 
its way to incorporation in the budding virions. Avery (1974) 
concluded that since newly synthesized vRNA was found in the nucleus 
and cRNA in the cytoplasm immediately after a I h pulse, that these 
represented their sites of synthesis.
An RNA-dependent-RNA polymerase has been reported in the nuclei 
of infected chick cells which rises to a maximum activity at 3 hpi and 
subsequently declines (Hastie and Mahy,1973). It is indistinguishable 
in requirements from the microsomal activity, but the product is only 
40? hybridized by vRNA whilst 93? of the cytoplasmic product Is
vatwnrîifâM : . ' S-"'
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hybrid ized . C ell autorad iography  showed g ra in s  p redom inan tly  over 
the nuclei a t 3 h p i> the tim e of m axim um  R NA- depen den t-RNA sy n th e s is ( 
and a cy top lasm ic ac tiv ity  could only be d e tec ted  la te r  in infection and 
under a r t i f ic ia l  conditions (A rm strong an d  B arry ( 1974). Stephenson 
and Dimmock (1975) observed  incorporation  of labelled  u rid in e  into 
T C A -p réc ip itab le  counts in both nucleus an d  cy top lasm  sh o rtly  a f te r  
infection. Thus it ap p ears  that som e cRNA and probab ly  a l l  of the 
vRNA sy n th esis  occu rs in the nucleus.
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M a te r ia ls
1. R adiolabelled  Components
T h e se  w ere obtained from  the R adiochem ical C entre, A m ersham ,
Bucks, and had the following specific  ac tiv itie s .
3 3[2 -  H] adenosine 5 'm onophosphate, 15-22 C i/m m ol; [8 - H ] -
32adenosine 3’, 5 'cyc lic  phosphate, 20-30 C i/m m ol; [ a -  P] adenosine
355 '-trip h o sp h a te , 0. 5 -10 C i/m m ol; [ ‘ S ] -  L m ethionine, 300-800
3 3C i/m m o l; [m ethy l- H ] thym idine, 18-25 C i/m m ol; [5 - H) u rid ine ,
25-30 C i/m m ol.
2. E le c tro p h o re s is  Com ponents
A cry lam ide w as obtained from  Fluka AG, Buchs, G erm any and 
B. D .H . C hem icals, Poole, D orse t. N -N '-m ethylene b isacry lam id e  
and N, N, N \ N \ -te tram ethy lened iam ine (T E M E D )w ere obtained from  
Kodak L td ., London.
3. C hem icals
A naly tica l g rad e  2- (3 -ace tam ido-5-N -m ethy lace tam ido-2 , 4, 6 - tr i -  
iodobenzam ido )-2-deoxy-D -glucose (M etrizam ide ) w as purchased  from  
N yegaard and C o ., A /S , Oslo; Nonidet P40 (NP40 ) from  B. D. H. 
C h em icals , Poole, D orset; DowexAG50 WX4, H -form  from  BioRad 
L ab o ra to rie s , Richmond, C aliforn ia; sheep -an ti-rabb it f lu o re scen t 
im m unoglobin from  W ellcom e L ab o ra to ries , Beckenham, Kent. All 
o the r chem icals w ere  of the p u re s t g rade obtainable.
4. T issu e  C ulture Media
T h e se  w ere obtained from  Flow L abora to ries , Irv ine, A y rsh ire  
and f ro m  Gibco Biocult, London, and p repared  accord ing  to the Flow 
M anual (1974, 1977).
GM4 was Glasgow m odification of M inimal Eagles Medium w ith 
g lu tam ine , n o n -essen tia l am ino ac ids and cry stam ycin  as specified .
It w as  made 4%  in newborn ca lf se rum .
GM0 was a s  above with no ca lf  se ru m .
GM4H was as  GM4 but without KaHCO^ and with 20 mM HEPES, pH 
ad ju sted  with NaOH.
199 was a s  specified  with 2% calf se ru m .
EDC4 was E a rle s  sa lt solution, pH adjusted with b icarbonate  and 
m ade 4%  in d ia lysed  ca lf  se ru m .
f  ***» *t Wi&M
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M ethods
1. C ells
P reparation  of CEF ce lls
P rim ary  CEF c e lls  w ere  p rep a re d  as d esc rib ed  by M o rse r  et a l . 
(1973 ). T hese w ere  seeded a t co n cen tra tio n s ranging from  5 x 103 to 
3 x 106 c e lls /m l and grown in 5 o r  15 cm p la s tic  petri d ish es until 
confluent. C ells w ere  used when confluent.
In som e experim en ts , to avoid the varia tio n  in v iru s uptake 
encountered  in d iffe ren t batches of p r im a ry  C EF ce lls , batches with 
uptake effic ienc ies  of 40-50% w ere  frozen a t -70° and grow n up when 
req u ired . The following p ro ced u re  was used. 20 ml of CEF cell 
suspension a t a concen tra tion  of 60 x 10^/m l w ere  made 10% in newborn 
c a lf  se ru m  and 10% in DMSO. T h is  suspension w as d ispensed  in 2 m l 
am poules and frozen  in a Union C arb ide BF6 bio log icalfreezer(L R 33-10) 
to -70° in 90 m in, using liquid n itrogen .
When req u ired , am poules w e re  thawed out rapidly a t 37° and seeded 
a t double concen tra tion  in 199 + 10% calf se ru m . This w as changed for 
GMEM +4%  c / s  a f te r  6 to 10 h.
2. V iru s : Stocks
A /F P V /R ostock /34  (H avl.N 'avl ) (re fe rre d  to in fu ture a s  FP/R  ) was
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growij by innoculating 11 day old em bryonated  ch ickens' eggs with 10 
pfu p e r  egg and h arv estin g  the a llan to ic  fluid a f te r  18-20 h grow th a t 
37°. A llantoic fluid w as c la r if ie d  by cen trifugation  a t 1000 g fo r 5 min 
a t 4°. V irus stocks w ere  sn ap -fro zen  at-70°.
The recom binant FP/BEL (Hav. 1.N1 )w a s  form ed from  A /F P V / 
D utch/27(H av1. Neq1 ) and A /B EL/42(H 0. N1 ) and was plaque purified  
3 tim es and grown a s  d esc rib ed  above.
Growth P a ram e te rs
9The in fectiv ity  of FP/R  w as betw een 1-3 x 10 PFU /m l and the
Q
PFU:HA ra tio  10 . The in fectiv ity  of FP/BEL was 1 x 10 PFU /m l. 
M easurem ent of V ira l A ctiv ities
Haem agglutination was m e asu red  with 0.5%  suspension of day old 
chick red  blood c e lls  (Kelly and Dimmock, 1974). Infectivity was 
m easu red  by plaque assay  on C E F  c e lls  (Dimmock and W atson, 1969).
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N euram in idase  ac tiv ity  w as m easured  using fetuin as  su b s tra te  by 
the method d esc rib ed  by W ebster and Laver (1969 ).
P rep ara tio n  of Labelled V irus
The p rep a ra tio n  in de-em bryonated  eggs and purification  of [ ^ S  ] -
m ethionine labelled v iru s  a re  as  d esc rib ed  by Dimmock e t a l . (1977 ).
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The p rep a ra tio n  of [ H ] -u rid ine  labelled  v iru s  ro lle r  bottle cu ltu re  
is  d esc rib ed  by Hudson e t a l . (in  p r e s s  ) w hilst its  purification w as 
as  above.
Infection of C ells
M onolayers of C EF c e lls  w ere w ashed once with PBS Ca/M g and 
in fected  w ith 0. 1 ml of v iru s  in a llan to ic  fluid at moi = 10-100 (as 
specified  ) fo r  15 min a t 20°. E xcess  v iru s  w as washed off with PBS 
C a/M g and the c e lls  w ashed, then overla id  with prew arm ed m edium .
3. P roteins 
A . TCA P reparation
(a ) Cold TCA p rec ip ita tio n . 10 u l sam ples w ere diluted into 2 m l 
d is tille d  w a te r  containing 200 kig BSA. 100% TCA was added to 10% 
fina l concen tra tion  and sam ples w ere  left fo r  10 min at 4°. Each 
sam ple  w as then f ilte re d  through W hatman G F/C  g la ss  fibre f il te r  
p a p e rs . The f il te rw a s  washed tw ice w ith 4 ml 10% TCA followed by 
5 m l of 50% ethanol:50%  e th e r . F i l te r s  w ere d ried  for 6 h at 37° and 
counted in tr ito n -to lu en e  sc in tillan t (PPO 0.6%  (w /v ); POPOP 0.073%
(w /v ); tr ito n  X 100 33% (v /v  )).
(b ) Hot TCA prec ip ita tion  . Sam ples w ere prepared  as  above but 
a f te r  the addition of TCA to 10% the sam ples w ere heated to 80° fo r  
30 min to hydrolyze charged  t-R N A s. They w ere then cooled to 4° 
and p ro cessed  as above.
(c ) 'In s itu ' TCA p rec ip ita tio n . This was perform ed on ce ll m ono layers 
in  pe tri d ish e s  to yield both TCA soluble and insoluble rad ioactiv ity  
accord ing  to M inor and Dimmock (1977 ).
B. Ethanol P rec ip ita tion .
This p rocedu re  w as m odified from  Clewley (1976). 100 ig of
cytochrom e c was added to the sam ple  and m ixed. 4 to 6 vo lum es of
abso lu te  ethanol a t -20° w ere added , vortexed and held at -20° fo r 
a t le a s t 30 m in. The p rec ip ita te  w as spun fo r 20 se c  in a m ic ro c e n tr i­
fuge and the supernatan t poured off. The pelle t w as d ried  (a ) un d er a 
s tre a m  of n itrogen , (b ) by evacuating  ov er d ess ica n t, (c ) a t 37° fo r  
3 h . P elle ts w ere resuspended in  with 1 .4%  SDS, 1.4% 
B -m ercaptoethanol and 0 .9 M  u re a  by b r ie f  son ication  followed by 
boiling fo r 5 min.
C. Polyacrylam ide gel sy stem s 
(a ) The phosphate system
T his system  was as  describ ed  by M inor and Dimmock (1975 ) 
except that slab  g e ls  w ere e lec tro p h o re sed  at 80 V (60-70 mA ) fo r  
12-15 h o r  a t 195 mA constant c u r re n t  fo r 4 j  h w ith forced a i r  cooling, 
(b ) T ris -g ly c in e  exponential g ra d ie n t gel sy stem
An exponential g rad ien t from  7 .5  to 17% ac ry a lam id e  was produced 
by m ixing the following:
A B
7. 5% acry lam ide 17%
0. 2% b is - acry lam ide 0 .01 '
0 .5  M tr is 0 .5
0.1%  SDS 0 .1
0.02%  TEMED 0.02
0. 02% am m onium  p e rsu lp h a te 0 .0 2
50 m l pH 8. 6
40% glycero l 
30 ml pH 8 .6
in a constan t volume system
The stack ing  g e l was as  d e sc r ib e d  in Dim m ock et a l . (1977 ) as  
w as the e lec tro p h o re s is  b u ffe r. G els w ere  e lec tro p h o resed  fo r  15 h at 
100 V constan t voltage.
(c ) Sample prepara tion
Sam ples w ere denatured w ith  1.4% SDS, 1.4%  fl-m ercaptoethanol 
and 0. 9 M u rea by heating a t 95° C fo r 5 m in.
(d ) P rocessing  the gel
A fter e lec tro p h o re s is  g e ls  w ere  fixed by im m ersion  in 25% m ethanol, 
10% ace tic  acid fo r 24 h and e i th e r  fluorographed (see below ) o r  d ried
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F ig . M/1 The re la tio n sh ip  between rad ioactiv ity  and scanned
peak heights for som e influenza v iru s p ro te ins on PAGE, 
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Sam ples of [ S ]-m ethionine labelled v iru s  pro teins 
containing increasing  am ounts of rad ioactiv ity  w ere 
analyzed  on a phosphate g e l. The gel was p rocessed  
for fluorography  on RPRoyal XOmat and exposed 
for 12 h.
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down under vacuum supported by 3 MM paper between sh ee ts  of 
s ilicone rub b er in a w ate r bath at 80 -90° for 1 h.
G els w ere p ro cessed  fo r  fluorography  by the method of Laskey and 
M ills  (1975 ).
(e ) A utoradiography
To en su re  uniform ity  in au to rad iograph ic  in tensity , the X -ray  film  
w as developed in fre sh ly  p rep a red  so lu tions of developer fo r  5 min a t 
20°. F ilm  w as fixed, d ried  and scanned with a Joyce- Loebl m ic ro ­
d en s ito m e te r  over a range of 0 .8  OD units in which the rad ioactiv ity  
of each  v iru s  band w as d irec tly  p ro p o rtio n a l to the OD of the band 
(P. D. M inor, perso n a l com m unication  ).
( f ) F luorography
Batches of Kodak RP Royal XOmat film  w ere  found to vary  in th e ir  
sen sitiv ity  so each batch w as te s ted  such that the p re flash  conditions 
produced an OD of 0 .2  (as recom m ended by Bonner and Laskey, 1974). 
The gels w ere  exposed to the p re flash ed  film  at -70° and developm ent 
conditions w ere  a s  above. The lin e a r ity  of response  of the film  to 
rad ioac tiv ity  w as checked fo r individual v ira l p roetin s (F ig. M/1 ) 
and a ll m e asu rem en ts  w ere  made w ithin that span (0. 75 OD units ).
D. Cell F ractionation  P rocedures 
(a ) Pounce F ractionation
The method used is  a s  d esc rib ed  by Stephenson (1974 ) with the 
m odification that c e lls  w ere  left to sw ell fo r  10 min in hypertonic 
buffer p r io r  to hom ogenization. The ch a rac te riza tio n  and ra tionale  
of th is  method is  d iscu ssed  in the Appendix.
(b ) N uclear M onolayer (NML ) Form ation
This w as perfo rm ed  as  d esc rib ed  by Hudson and Dimmock (1977 ) 
and is  also  d iscu ssed  in the Appendix.
(c ) P reparation  of RNP Enriched and Chrom atin F ra c tio n s .
These w ere  p rep a re d  from  n u c le a r  m onolayers as  d esc rib ed  by 
Hudson e t a l . ( in p re s s ) .  B riefly , die n u clea r m onolayer w as scraped  
into C5 (140 mM NaCl; 1 mM M gCl2; 10 mM t r i s -HCl, pH 7. 4 ) and 
v o rtex e d fo r 60 s e c . A fter 30 sec sp in  in a m ic ro cen trifu g e( the
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F ig . M /2 T yp ica l d e n s ity p ro file  of M etrizam ide
g rad ien t
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F ig . M /2 T y p ica l d en sity p ro file  of M etrizam ide
superna tan t w as decanted . w as added and th is p ro cess  repeated .
The pooled sup ern a tan ts  constitu ted  the RNP enriched  fra c tio n . The 
final pe lle t w as resuspended  in 1 mM EDTA , pH 8, and sheared  by 
10-fold p assag e  through a 26 G syringe need le . This com prised  the 
ch rom atin  frac tion .
(d ) M etrizam ide P rocedures
Sam ples (up to 1 m l ) w ere layered  on to 37% (w/v ) M etrizam ide
in C . (8 m l ) and cen trifuged  fo r 62-68 h a t 37 .5  krpm  in a 10 x 10 
alunPinium angle ro to r  a t 4° on a MSE 165 cen trifuge . G radients 
w ere frac tio n a ted  at 4° bypum ping out from  the bottom of the tube.
120- 150 ul frac tio n s  w ere  co llec ted . At a l l  s tag es precau tions w ere
taken to m in im ise  RNAse contam ination .
The re fra c tiv e  index of every  th ird  frac tio n  was determ ined  by 
re f ra c to m e te r  and the value converted  to a M etrizam ide density  by 
re fe ren c e  to a standard  curve (Rickwood, 1976). The p rofile of a 
typical g rad ien t is  illu s tra te d  in F ig. M /2.
4. Methods A pplicable to Individual Sections 
Section 1. Infection at 4° and Acid Wash
Confluent CEF m onolayers w ere  tra n s fe rre d  to 4°and overla id  w ith  
cold GMEM for 10 m in. The c e lls  w ere  washed once with PBS C a/M g 
(containing 0. 5 mM C aC l2 and 0 .5  mM M gC l,,), then infected with 0. 1 
m l of FP/B EL (moi = 20 ). A fter 30 m in, when attachm ent w as com plete, 
ce lls  w ere  overla id  w ith 1 m l PBS C a/M g and left a fu rth e r 60 m in. T h is 
solution w as rem oved and form ed the 'w a sh '. The ce lls  w ere  then 
trea ted  with PBS titra te d  to pH 3 with HC1 (acid PBS) for 1 min before 
being trea ted  with a p rede term ined  equivalent am ount of NaOH in PBS 
to re tu rn  the solution to n eu tra lity . T his solution form ed the 'Acid 
W ash '. C e lls  w ere  washed once with PBS Ca/M g and fractionated  o r  
overla id  w ith GMEM prew arm ed  to 37° fo r fu rth e r  incubation.
Section 2 . A. R adiolabelling P rocedu res
(a ) S tarvation  10 m in p r io r  to the pulse tim e, medium was rem oved
from  the c e lls  and rep laced  with p rew arm ed  EDC4 and incubated.
35(b ) Pulse p rocedu re  [ S J-m eth io n in e , at concentra tions from  10 to 
100 nCi, in 250 ul EDC4 was added to the cu ltu re  a f te r  a sp ira tin g  the 
s ta rv a tio n  m edium  and the cu ltu re  incubated generally  fo r 10 m in.
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(c ) C hase p rocedure  The rad io labelled  solution w as rem oved and 
the cu ltu re  w ashed rapidly tw ice with p rew arm ed  GM4 o r  GMO with 
added m ethionine and then incubated with th is  m edium  fo r  the 
ap p ro p ria te  tim e. Validity of th is p ro ced u re  is  d isc u sse d  in Section 2. 
(d ) Salt shock p rocedure  The ce lls  w ere  s ta rv ed  as above but the 
m edium  in c o rp o ra ted  150 mM NaCl fo r 31° experim en ts and 200 mM 
NaCl fo r  37° experim en ts.
(e ) N orm alization  F luorographs for the experim en ts o f Fig. 2/14,
17, 18 w ere  norm alized in the following w ay. The OD values fo r  NP 
in a ll the frac tio n s of the 1 h chase  tim e point w ere to ta lled  and the 
to ta l of NP fo r each of the o th e r  tim epo in ts was a lte red  by a fac to r to 
b rin g  them  to the sam e value. This fac to r w as then used to ad just a ll 
the p ro te in  values in each of the frac tio n s a t that tim epoin t. V aria tions 
of 10-30% w ere observed but it appeared  that they w ere com pletely  
random . In F ig . 2/14 the values a re  d isp layed  a s  a p roportion  of the 
to ta l p re se n t a t each  tim epoint since a t sh o rt chase  tim es 
inco rpo ra tion  into pro tein  is  s ti ll  o cc u rrin g .
B. Im m unofluoresence P rocedure
(a ) P repara tion  of a n tise ra  A n tise ra  w ere p rep a red  a s  describ ed  by 
Kelly and Dimmock (1974 ).
(b ) . P repara tion  of co v e rs lip s  C EF c e lls  w ere grown on ethanol 
w ashed, heat o r  u /v  s te r iliz e d  16 mm g la s s  co v e rs lip s  in 5 cm p lastic  
p e tr i  d ish e s . P lates w ere  seeded at 1-2 x 10^ c e lls  p e r  plate and 
allow ed to grow  to 30-50% confluency in GM4 m edium .
C o v ers lip s  w ere w ashed once with PBS Ca/M g and sucked a lm ost 
com pletely  d ry . They w ere  infected w ith  0.1 m l of su itab ly  d iluted 
v iru s  in allan to ic fluid and left fo r 15 m in at 20°. They w ere washed 
once with prew arrned GM4 and incubated a t 31 o r  37°. At appropria te  
tim es  the co v e rs lip s  w ere  w ashed th ree  tim es with PBS Ca/M g and 
d ried  in a s tre a m  of a i r  overnight. They w ere  fixed w ith acetone 
fo r 10-15 min and s to red  a t -20°.
(c ) Ind irect im m unofluorescence p ro ced u re  C o v e rs lip s  of fixed
c e lls  w ere  spotted in the c e n tre  with 10 ul of specific an tise ru m .
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They w ere  incubated fo r  30 min at 37°in m o is t conditions and then 
washed tw ice in PBS C a/M g and d ried . S h eep -a n ti-ra b b it fluorescen t 
antibody solution w as spotted  (10 p i) on to the c e n tre s  o f the co v e rslip s  
and th is w as again incubated fo r 30 min at 37°. A fter two fu rth e r 
w ashes in PBS the co v e rs lip s  w ere  rem oved from  th e ir  d ishes, w ashed 
in d is tille d  w ate r and mounted in 90% (v /v  ) g lycero l/P B S . Stained 
c e lls  w ere  exam ined on a R eichert Zetoplan Binolux 3 fluorescence 
m ic ro sco p e  and photographed with 15 sec to 4 min ex p o su re s  on 
Kodak T riX  film .
C. F rac tio n atio n  of T issu e  C ulture Fluids
500 m.1 of sam ple contain ing 40 ug of purified  v iru s  w as loaded on 
to an 11 m l g rad ien t of 15 to 45% (w/v ) su c ro se  in 0. 15 M NaCl,
0.01 M- tr i s  pH 7 .4  and cen trifuged in an MSE 6 x 1 4  sw ing-out ro to r  
a t 22, 500 re v s /m in  fo r  120 min a t 4°. 500 ul sa m p le s  w ere collected
from  the bottom  of the tube, p rec ip ita ted  with e thano l and counted o r  
analyzed on PAGE.
Section 3 . V irus D isruption
V irus was d isru p ted  accord ing  to Hudson e t a l . ( in p re ss  ) by 
trea tm e n t w ith 10% NP40 for 30 min at 20°; acco rd in g  to a method 
m odified from  A lm eida and Brand (1975 ) by ex p o su re  to 1% NP40 
fo r 5 m in a t 4°; and by the method of Pons (1971 ) w ith  a cocktail of 
1% NP40 and 0. 5% DOC for 4 min a t 37°.
Appendix
(a ) Enzym e A ssays
5 'nucleo tidase  w as assay ed  accord ing  to A vruch and W allach (1971 ); 
NADPH-cytochrome c red u c tase  by the method of P h illip s and Langdon 
(1962 ) using a Unicam SP1800 spectropho tom eter w ith  tem pera tu re  
regu la ted  ce ll ho lder and autom atic sam pling, e v e ry  60 seconds, of 
four a s s a y s  by SP1805 P rogram m e C o n tro lle r . A denylate cyclase 
was assay e d  acco rd ing  to Solomon e t a l . (1974 ) w ith  m odifications 
d esc rib ed  in the tex t. DNA was assayed  by the m ethod of Burton (1956) 
and SDH activ ity  accord ing  to Porteous and C lark  (1965 ).
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They w ere incubated fo r  30 min at 37°in m o is t conditions and then 
w ashed tw ice in PBS C a/M g  and d r ie d . S h eep -an ti-rab b it fluo rescen t 
antibody solution w as spo tted  (10 n l ) on to the c e n tre s  of the co v e rs lip s  
and th is was again incubated  fo r 30 m in a t 37°. A fter two fu rth e r  
w ashes in PBS the c o v e rs lip s  w ere  rem oved from  th e ir  d ish e s , w ashed 
in d is tilled  w ate r and mounted in 90% (v /v  ) g lycero l/P B S . Stained 
ce lls  w ere  exam ined on a R e ichert Zetoplan Binolux 3 fluo rescence  
m icroscope and photographed with 15 sec to 4 min exposu res  on 
Kodak T riX  film .
C. F ractionation  of T issu e  C ulture F luids
500 nl of sam ple contain ing 40 ug of purified  v iru s  w as loaded on 
to an 11 m l g rad ie n t o f 15 to 45% (w /v ) su c ro se  in 0.15 M NaCl,
0.01 M-tr is  pH 7 .4  and cen trifuged  in an MSE 6 x 14 sw ing-out ro to r  
a t 22, 500 re v s /m in  fo r  120 min a t 4°. 500 ul sam ples w ere  co llected
from  the bottom of the tube, p rec ip ita ted  w ith ethanol and counted o r  
analyzed on PAGE.
Section 3 . V irus D isrup tion
V irus w as d is ru p te d  accord ing  to Hudson e t a l . ( in p r e s s  ) by 
trea tm en t with 10% NP40 fo r 30 m in a t 20°; accord ing  to a method 
m odified from  A lm eida and Brand (1975 ) by exposure to 1% NP40 
fo r  5 min a t 4°; and by  the m ethod of Pons (1971 )w ith  a cock ta il of 
1% NP40 and 0. 5% DOC fo r 4 min a t 37°.
Appendix
(a ) Enzym e A ssay s
5'nucleo tidase w as assayed  accord ing  to A vruch and W allach (1971 ); 
NADPH-cytochrome c red u c tase  by the m ethod of Phillips and Langdon 
(1962 ) using a U nicam  SP1800 sp ec tro p h o to m e te r with te m p era tu re  
regulated  ce ll h o ld e r  and au tom atic  sam pling, every  60 seconds, of 
four a s say s  by SP1805 P rogram m e C o n tro lle r . A denylate cyclase 
was assayed  a c co rd in g  to Solomon e t a l . (1974 ) with m odifications 
d escribed  in the te x t. DNA w as assayed  by the method of Burton (1956 ) 
and SDH activ ity  acco rd in g  to Porteous and C lark  (1965 ).
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(b ) SFV E xperim en t
SFV, a kind g ift of Dr. S .I .T .  Kennedy, was used to infect c e lls  in
the following w ay. A 14 cm p la s tic  p e tri seeded with 6 x 10^ c e lls  was
w ashed and exposed to SFV (moi = 5 0 ) in 199 + 2 %  ca lf  se rum  with
1 n g /m l AMD. A fter 60 m in a t 37° the ex c ess  v iru s  was w ashed out
and the ce lls  incubated a t 37° for 4 h in the p resence of 1 u g /m l AMD.
C ells w ere  pu lsed  fo r 30 m in w ith EDC2 +  1 ug/m l AMD with 100 uXli 
35[ S] -m eth ion ine.
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SECTION I. THE FATE UF INPUT VIRAL PROTEINS
1. Introduction
Kato and E ggers (1969) f i r s t  rep o rted  that ad so rp tion , penecration 
and uncoating of the v iru s could a ll occur a t 4°. T hey  m easu red  
uncoating by the developm ent of p h o to -re s is tan t in fective c e n tre s  from  FPV tagged 
with neutral red. Stephenson et a l. ( in p r e s s ) extended th is  work to 
show that up to 50% of the adsorbed  v iru s  becam e re s is ta n t  to  a pH 3 
acid w ash of the c e lls  o r trea tm en t with n eu tra liz in g  antibody a fte r  15 min 
infection at 4 ° . F u rth e rm o re > Stephenson and Dimmock (1975) and Hudson 
et a l . ( in p re s s  ) showed that various com ponents of the input v iru s reached  
the nucleus at 4 ° . It had been observed  that the infecting RNA went to 
the nucleus a t 20° and 37° infections (Hoyle and F risch -N ig g em e y er, 1955;
Ghendon e t a l . . 1970)( but Stephenson and Dimmock also  found that 85% of
32 othe input [ F^-labelled RNA appeared  in the nuclei a f te r  3 h a t 4 , and
the m ajo rity  of th is  was located th e re  within 1 h . On w arm ing to 37°>
75-80% of th is n u c lea r virion RNA re tu rn ed  to the cy top lasm  within 30 m in(
but the r e s t  of the RNA rem ained  a sso c ia ted  with the n u cleu s.
Hudson et a l . ( in p re s s  ) confirm ed th is finding using a d ifferent
n u c lea r fractionation  techniquet but with ra th e r  low er n u c lea r  values.
T h is  varia tion  m ight be p a rtly  explained by the d iffe rence  in the efficiency
of v iru s  penetration  of CEF ce lls  (Stephenson et a l . . in p r e s s  ). Labelled
virion  protein  a lso  assoc ia ted  with the nucleus at 4° and moved out slowly
on ra is in g  the incubation tem p era tu re  to 37°. E x p erim en ts  with v iru s
3
labelled with [ H ]-cho line showed that virion phospholipid rem ained  in the
cy top lasm ic f ra c tio n ( a fea tu re  confirm ed by M etrizam ide g rad ien t
32an a ly sis  of the n u c lea r  fraction  which showed no [ P] labe l at the density  
of phospholipid ( 1 .1 2 5 g /m l) .  M etrizam ide an a ly s is  of su b -n u c lea r fractions 
showed a shift of the label from the RNP density of 1.255 g/ml to a lowe
density  (1 .20  g /m l )  a fte r incubation a t 37° in a l l  the f ra c tio n s . It was most 
m arked  in the ’RNP enriched ' sam ple , a fraction  obtained by ex tracting  
nuclei with m ultip le  isotonic sa lt w ash es. 1 .205 g /m l is a lso  the density 
a t which chrom atin  bands in th is sy stem , thus ra is in g  the possib ility  that a 
sm a ll am ount of the RNP becom es asso c ia ted  w ith ce ll DNA.
V 2
T ab le  1/1
Input n eu ram in id ase  ac tiv ity  in nucleus and cy top lasm
T im e a f te r  infection 
(incubation tem p . 
3 7 °)h p i
NA ac tiv ity  R 
OD_50/h /6 x  10 °hce
cytoplasm  nucleus
Proportion of to ta l 
reco v ered  activity  
in nucleus. %
0 17.4
0 .5 15.1
1 .0 12.2
1 .5 10.7
2 .0 7 .5
■2.5 65.2
0 .7 3 .9
0 .5 3 .1
0 .3 2 .4
0 .2 2 .0
< 0 .2
3 .5 5.1
*
•' T h is  r e p re s e n ts  the i n i t i a l i s e  of newly sy n th esized  NA and is 
included fo r com parison  (see a lso  Table 2 /2 ) .
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In the following ex p e rim en ts  the location and m ovem ent of the input
virion p ro te in s on in fection  of CEF ce lls  w as followed by m easu ring  the
activ ity  of the n eu ram in id ase  and by determ in ing  the fate  of p re lab e lled
pro te ins by analyzing th e  subcelh ila r frac tions by PAGE. C ells w ere
fractionated  into n u c le a r  and cy top lasm ic e x tra c ts  by the nuclear
m onolayer technique. D isrup ted  nuclei w ere  fu rth e r  analyzed by
M etrizam ide g rad ien t cen trifugatio . and an a ly sis  of g rad ie n t fractions
by PAGE. The aim  of these experim en ts w as to d e term ine  the
d istribu tion  of the inpu t v ira l p ro te in s  following a ttachm ent and
penetration  at 4° and then  to co m p are  th is with the d istribu tion  a f te r
o
incubation at 37 when e a r ly  v ira l syn thesis  had been in itiated  
(Stephenson and D im m ock( 1975). It was intended that this study would 
throw som e light on th e  organization of the in itia l events in influenza v iru s 
m ultiplication and the ro le  played by the host c e ll nuc leus.
2. R esu lts
The f i r s t  s tages o f  v iru s -c e ll  in te raction  can be defined as  attachm ent 
to and penetration  of th e  host c e ll .  T he v iru s  then tra n sc r ib e s  its RNA which 
is accom plished with i t s  com plem ent of virion  p ro te in s  plus host sy s te m s .
The location and m ovem ents of input v iru s  p ro te in s  w ere  determ ined  in the 
following w ay.
35V irus was grown in th e  p resen ce  of [ S ]-m eth ion ine , p a rtia lly  purified
o oand used to infect c e l l s  a t 4 . A ttachm ent and penetration  occur a t 4 t but
tran sc rip tio n  does n o t ( Stephenson and D im m ock, 1975). The c e lls  were
then fractionated  and the  cy top lasm ic and n u clea r frac tions obtained w ere
analyzed by PAGE. N euram in idase  was located and assayed  by its  reaction
with fetuin (W ebster and  L averi 1967).
(2A ) C ell A ssocia ted  Input V ira l N euram inidase Activity
The activ ity  of inpu t v ira l NA in n u clea r and cy top lasm ic frac tions
p rep a red  by the n u c le a r  m onolayer technique was determ ined  (Table 1/1 ).
The activ ity  was p redom inan tly  (96-98%) cy top lasm ic a t a ll t im e s . The
f irs t  m easurem ent m ad e  a f te r  Infection showed 3.9Î of
Table 1/2 Cell associated input viral proteins 
after 4° infection and following a further 
I h incubation at 37°
(a ) T o ta l labelled  input v ir a l  p ro te in  reco v ered  
T o ta l [ 35S1
c p m p e r  10D
A utoradiograph scan  density  
OD/24 h e x p o s u re /1 p6 hce
hce
P 1
0 .017
NP
0 .5 0
M
0 .5 80F ollow ing  4 
in fection
14055
* 2 ,3
0 .032
oFollow ing 4 
in fec tion  and 
incubation  for 
1 h a t  37°
8148 0 .008 0 .016 0 .3 5 0. 45
%  v ira l  p ro te in 58 47 50 70 78
rem a in in g  a fte r  
Incubation p erio d
(b ) D istribu tion  between cy top lasm  (shaded) and nucleus (c le a r). 
Length of b ar re p re se n ts  ac tu a l rem ain in g  rad io ac tiv e  pro tein  
w hilst % values m e asu re  the proportion  o f that rem a in in g  
which is in each  co m p artm en t.
This table shows that:
(1) there is considerable degradation or loss of all input 
viral proteins after 60 min at 37° (compare length of bars).
(2) The proportion of these proteins in the nucleus increases 
more substantially than the actual amounts (NP,M compare 
modest increase in length of bar with large increase in Î;
PI, P2,3 compare reduction in bar length with increase in %).
(3) This illustrates that at least two processes are 
occurring concurrently: NP and M are accumulating in the 
nucleus; a considerable amount of NP and M is being lost from 
the cytoplasmic fraction.

to ta l activ ity  in the nucleus, and th e re  is a decline in NA ac tiv ity  in both 
nucleus and cy toplasm  u n til 2 hpi (m irro rin g  the e c lip s e  In c e ll-a s so c ia te d  
v iru s , see  F ig . 2 /10 ) when the level of NA in the nucleus is undetectab le 
and the cy toplasm ic leve l has fallen by 50% of its in it ia l  value. T he 
detection of ac tiv ity  due to newly syn thesized NA a t 2 j  hpi is in ferred  by 
the 9x r is e  in to ta l NA which occu rs a t this tim e.
The effect of NP40 on the NA a s sa y  was checked and as found with 
NADPH-cytochrome C red u c ta se , the detergent in c re a se d  the enzym e 
ac tiv ity , espec ia lly  of whole c e ll hom ogenates, by 2 -3  fold. Thus the NA 
ac tiv ity  of n u c lea r m onolayer cytoplasm ic and n u c le a r  fractions w ere  
com pared  with tha t of an NP40 trea ted  homogenate in the above study.
35(2B) [ S1-m ethionine labelled  Virus proteins 
( a ) C ell a sso c ia ted  input v ira l p ro teins
r3 5 ,In p re lim in a ry  ex p e rim en ts  ce lls  w ere infected w ith [ S ]-m eth ion ine 
labelled FP/B EL (MOI= 1) fo r 90 min at 4°. Som e w ere then fractionated  
into cy toplasm ic and n u c lea r  e x tra c ts  by N M L ,o thers fractionated  fu rth e r  
to produce a 'c h ro m a tin ' and an 'RNP enriched ' fra c tio n  from  the nuclear 
e x tra c t. The th ird  g roup  w ere w arm ed to 37°, thoroughly w ashed and 
o v erla id  with m ed ium . T h ese  w ere  incubated fo r  a fu rth e r  60 min and 
then fractionated  a s fo r  the  4Cgroup.The fractions w e re  then analyzed by 
e lec tro p h o re s is  on exponential g rad ie n ts  of 7-17% p o lyacry lam ide . The 
content of v ira l p ro te in  in each fraction  was quan tita ted  by scanning the 
au to rad iograph  w ith a d en sito m e ter and the value fo r  each protein 
calcu la ted  as  a p ropo rtion  of the sum m ed to ta l fo r  that p rotein  (Table 1 /2 a ) .
The re su lts  show th a t the to ta l labelled p ro te in  in the c e lls  dropped from  
its  in itia l value a t the end of the 4° infection to betw een 50-80% of this level 
a f te r  60 min a t 37°. T he d istribu tion  of both NP and M analyzed from  the 
au torad iograph  and the to ta l rad ioactiv ity  m e a su re d  by liquid scin tilla tion  
counting was divided about equally between nucleus and cy top lasm  a f te r  
infection, but a l te re d  to favour the nucleus a f te r  60 min Incubation a t 37 .
In ac tua l te rm s  th e re  w as a m odest inc rease  in n u c le a r  levels of NP and M, 
and a large drop In cy top lasm ic values as shown in the bar d iagram  (Table 
1 /2 b ). The an a ly sis  of the distribucion of to ta l co u n ts , NP and M, within 
the nucleus between the 'RNP' and 'ch rom atin ' en ric h ed  frac tio n s showed 
that th is rem ained  s ta b le  a t 3:1.
Table 1/3 Distribution of fl^sj -methionine labelled 
input virus proteins after infection at 4° 
and incubation at 37°
(b) D istribu tion  of rad io ac tiv ity
T o ta l  rad io ac tiv ity  In tra ce llu la r  rad ioactiv ity
Incubation T o ta l %  of to ta l cpm  reco v ered T o ta l %  of cyto- T o ta l
a t 37° (m in) cpm Wash A cid  M edium 
w ash
In tra ­
c e llu la r
cpm plasm nucleus
0 10756 62 10 28 3003 8 92
60 10149 62 12 1 24 2472 22 78
180 13496 72 10 2 17 2247 31 69
Table I/3(a)
This shows that (I) most (62%) of the virus did not attach to 
the cells and appeared in the FBS wash; (2) of the cel I-associated 
virus a substantial portion (10? of total) was released by acid 
wash treatment.
Table I/3(c)
Attempts to reconcile the observations on cell associated virus 
(this study; Hudson et a I ., in press) with those obtained with acid 
washed cells. It is postulated that as the incubation time 
increases, the fcytoplasmic fraction' of CAV approaches that of 
1C - the other virus being liberated into the medium gradually 
Instead of abruptly by the action of the acid at the end of this 
infection period.
/
6 2 % PBS w a s h ( 6 6 9 8 c p m )
10%
2 %
2 6%|
acid wash (1055 cpm] 
cytoplasm ( 246 cpm )
nucleus l 2 7 5 7  cpm)
(a ) P roportions of to ta l rad io ac tiv ity  in v ario u s fractions 
following 90m in incubation a t 4°
CAV
C : 3 2 %
N : 6 8 %
time at 37*
IC CAV IC CAV IC
AW
C : 31 %  
N : 6 9 %
60 180 (min)
(c) P roportions of putative ce ll a s so c ia te d co u n ts  com pared '
those of In tra c e llu la r  counts (a fte r acid w ash ing).
CAV -c e l la s s o c ia te d  v iru s  IC- In tra ce llu la r  v iru s  
N - nucleus C -c y to p la s m  AW - acid  wash
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(b) The effect of acid wash treatment on the apparent
distribution of viral proteins between nucleus and
cytopI asm
Infectious influenza virus which adheres to the outer 
surface of cells during infection can be inactivated by 
treatment with PBS at pH 3 (Stephenson et a I■, in press).
Virus which has penetrated the cells is not inactivated and 
will form plaques. However, the fate of the components of the 
virus was not known. This was investigated by fractionating 
the cells in the following experiments. The acid wash solutions 
were pooled, the protein from all samples precipitated with 
ethanol, and the resulting samples analyzed by liquid scintill­
ation counting and PAGE. Table 1/3 illustrates the results.
The distribution of the total radioactivity was divided 
between the fractions as illustrated (Table I/3a). 62? of the
input viral proteins do not attach to the cell monolayer and 
were present in the PBS wash added after 30 min at 4° (see 
Methods, part 4). The remainder of the radioactivity was 
divided between the monolayer (28?) and the acid wash (10?).
It was found that with the removal of extrace I IuIar virions 
by acid washing, 92? of intracellular virus proteins were in 
the nucleus after a 90 min incubation at 4° (Table l/3b).
This dropped to 69? after 3 h at 37° whilst the proportion in 
the’ cytoplasm rose foul— fold.
There is an apparent discrepancy between these results and 
those of Hudson et al. (in press). Using their method, similar 
results were obtained. 32? of the radioactivity was found in 
the cytoplasm after 4° infection, and this rose to 57? after 3 
h at 37°, although the total of recovered radioactivity fell 
substantially (Table l/3c). Hudson et al. did not acid wash 
cell monolayers so that the higher cytoplasmic radioactivity 
was probably due to virus on the outside of the cell which 
subsequently appeared in the cytoplasmic fraction.
The results o* the cel I-associated virus experiment reported 
in this study (Table 1/2) and the drop in total radioactivity 
observed by Hudson et al. can be reconciled as follows. The 
apparent cytoplasmic level of input viral proteins was reduced 
at later incubation times in the CAV experiments by two means. 
Onewasthe degradation of viral proteins within the cell; the 
second was the gradual elution into the medium of virus which is 
adsorbed to the cell surface. This is virus which is removed
1M HA 2 HA1 NP
Scanned p rofile of PAGE of labelled v iru s  com pared  
with acid wash fraction  f ro m  ce lls  infected with 
labelled v iru s  a t 4°.
sc
an
ne
d 
O
D
1
incubation at 37* ( h )
F ig . 1 /2  D istribu tion  of input v iru s  p ro te in s . C ells w ere 
infected a t 4° and w ashed and then incubated at
37°.
(a) Nuc leus ONP
(b) Cytoplasm •  M
(c) Medium DHA2

immediately by the acid washing technique and thus appears in the 
acid wash fraction.
A nalysis of the ac id  wash fraction  showed it to contain predom inantly 
M and NP. N either the P p ro te in s  nor the g lycopro te ins w ere p re se n t in 
m o re  than tra c e  am oun ts. F ig . 1/1 com pares the PAGE prof i les of acid wash 
fractions and whole virus. The ra tio  of M to NP in the acid wash 
fraction  is over fou r-fo ld  h igher than in the v iru s .
( c ) D istribution  and m ovem ent of input v iru s  p ro te in s
A ll the de tec tab le  p ro te in s  w ere  p re se n t predom inantly  in the nucleus 
including the g lycopro tein  HA2 (F ig . t / 2 ) .  T he levels of NP and HA2 
fe ll to about 50% of th e ir  in itia l value during the f i r s t  hour a t 37° but 
th e re a f te r  rem ained  s ta b le . T he level of m a tr ix  p ro te in  in the nucleus 
did not a l te r  substan tia lly  during the 3 h incubation. As expected from  
the to ta l rad ioac tiv ity  in the f ra c tio n s , the levels of a ll the  v ira l p ro te in s 
reso lv ed  in the cy top lasm  w ere  much low er than in the nu cleu s. W hereas 
M and NP w ere  predom inant in Intensity in the n u c lea r frac tio n , HA 2 
becam e the m ost heav ily  labelled  species in the cy top lasm . A ll the 
cy top lasm ic v ira l p ro te in s  accum ulated  during the f i r s t  hour of incubation 
HA 2 in c reasin g  five-fo ld  in in tensity  w hilst the levels of M and NP 
in c reased  2-3  tim e s . Over the next two ho u rs , HA2 and NP Increased  
sligh tly  w hilst M continued to r is e  a t the sam e ra te  as in the f i r s t  hour.
In the m edium  only M and HA2 w ere  detec tab le and then only a f te r  1 h 
incubation. The leve ls of both p ro te in s  ro se  g rad u a lly  between 1 and 3 h 
of 37°.
W hilst the drop in the lev e l of HA2 (53%) in the nucleus is m ainly 
accounted fo r by its  accum ulation  in the cy top lasm  (32%) and tis su e  cu ltu re  
fluids (4%) and the levels of M rem ain  fa ir ly  co n s is ten t, the loss of 50% 
of the in itia l n u c lea r  NP is unaccounted fo r .  V ery  little  is found in the 
cy toplasm  (about 5%) w hilst th is  p rotein  is not detec tab le  in the m edium .
(d) D istribu tion  and m ovem ent of RNA of input v iru s
To c o r re la te  the m ovem ent of v iru s RNA with that of v ira l p ro te in , the
3
fate of input v irions labelled with [ H ]-u rid in e  w as determ ined  (Table 1 /4 ) .
35The uptake was s im ila r  to th a t of [ S ]-m eth lon ine labelled v iru s , and
the proportion appearing in the acid wash was similar (6-7?). 87? of
the intracellular virion RNA
acid wash
intracellular
(3H ] 
-ur
NP HA2 M
T ab le  1/5 D istribu tion  of v ira  1 com ponents between 
c e lls  and acid w ash.
[ 3H ]-u r  Uridine la b e lled  vRNA
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appeared  La th e  nucleus a f te r  infection a t 4 °t and the m a jo rity  of -th is  
RNA (66%) rem a in ed  there a f te r  1 h a t 37°. H ow everi 30% of the 
o rig ina l RNA left the nucleus and the levels in the cy toplasm  and tis su e  
cu ltu re  flu ids ro se  by equal am ounts.
( e ) S um m ary : com position of ac id  w ash
The data on the r e le a s e  of v ir a l  com ponents by the acid wash 
trea tm e n t is  sum m arized  in T able 1 /5 . W hereas the proportion  of 
vRNA, NP an d  HA2 re le a se d  is roughly  equivalent (11 -18%)( 66% of the 
ce ll a s so c ia te d  m a tr ix  pro tein  is re le a s e d . T he valid ity  of the protein  
data is enhanced  by the following: sum m ation of the levels of each v ira l 
p rotein  p re s e n t  in the acid  w ash, nucleus and cy toplasm  a f te r  the 90 min 
infection a t  4° leads to a ra tio  of rad io ac tiv ity  of M:NP:HA2 of 1 .46 :1 :0 .32  
which c o m p a re s  w ith the ra tio  in v iru s  of 1 .3 8 :1 :0 .3 0 , suggesting that 
a ll v iru s  p ro te in  is accounted fo r .
Sum m ary: F a te  of V ira l Com ponents lost from  the Nucleus
(a) 34% of the n u c lea r  vRNA m ig ra te s  out of th is o rgane lle , e i th e r  to 
the cy to p lasm  w hilst the cy top lasm ic RNA is expelled  into the m edium  
o r roughly equally  into cy top lasm  and m edium .
(b) 50% o f the n u c lea r  NP is lo st following the incubation p erio d . It 
does not a p p e a r  in sign ific ian t am ounts in e i th e r  cytoplasm  o r m edium  , 
suggesting th a t it is degraded within the f i r s t  hou r.
(c) Half o f the n u c lea r  HA2 is lo st from  the nucleus, of which about 70% 
is found in the cy top lasm , 8% in the tis su e  cu ltu re  flu ids, the r e s t  
p resu m ab ly  being degraded  o r within the range  of v a riab ility  of m e asu rem en t.
(d) The le v e l of M rem a in s  roughly  constan t in the nucleus, w hilst the 
level in cy to p lasm  and m edium  r i s e s  to about 20% of this value . T h is  lack 
of c o rre la tio n  is not unexpected as  it would be difficult to detect the loss 
of a sm a ll am ount o f M from  the high level in the nucleus.
( f ) S tate o f input v ira l  p ro te in s  within the n u c lea r fraction : M etrizam ide 
g ra d ie n t analysis
Two c u ltu re s  of c e lls  w ere  Infected a t 4° fo r  90 min with [ S ]-
m ethionine labelled v iru s , and then acid w ashed as  before, and one was 
subsequently  overla id  with m edium  and incubated a t 37° fo r a fu rth e r  60 m in.
1 * 4
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Both cu ltu res  w ere fractionated  and the n u c le a r  m onolayers scraped  
and sheared  by p assag e  through a fine gauge need le . T h ese  sam ples 
w ere  then layered ov er 37% (w /v) M etrizam ide and cen trifuged  to 
produce a g rad ien t from  1 .2  to 1.35 g /m l .  T he protein  from  each of 
the frac tions from  th ese  g rad ie n ts  was p rec ip ita ted  with ethanol and 
analyzed by e le c tro p h o re s is . The peak heights from  scans of the 
re su ltin g  au torad iographs w ere  plotted aga in st M etrizam ide density 
fo r NP andM  (F ig . 1 /3  ). A detailed an a ly sis  of the
distribu tion  of various v ira l en titie s  on such M etrizam ide g rad ien ts is 
p resen ted  in Section 3 of th is  w ork.
A fter infection a t 4°. the m ajo rity  of NP was located a t a density of 
1 .35 g /m l. Upon w arm ing to 37° a p rom inent peak appeared  a t 1.26 g / m l  
and a concentration g a th ered  a t 1 .2 3 -1 .2 0  g /m l .  T h is  may re flec t e i th e r  
a high concentration of f re e  NP (density  of f re e  protein  > 1.29 g /m l) ,  
som e of which subsequently  re a rra n g e s , o r conversion from  som e fo rm  
of aggregate of v ir a l  RNP to fre e  v iru s  RNP a t 37° since  purified  d isru p te d  
v iru s  RNF runs a t 1 .255 g /m l  (Section 3; Hudson e t a l . . in p re s s  ).
About 60% of M w as found around 1.33 g /m l  a f te r  4° Infection and a 
fu rth e r  peak a t  1 .29  g /m l which m ight be indicative of f re e  protein o r 
som e com plex containing a la rge  excess  of p ro te in . Following 
incubation-at 37°, a co nsiderab le  proportion  of M rem ained  at 1.33 g / m l  
unlike NP, w hilst peaks appeared  a t 1.26 and 1.23 g /m l  s im ila r  in d en sity  
to those of NP.
None of the o th e r v ira l p ro te in s  had sufficien t rad ioactiv ity  to be 
reproducib ly  detec ted . O ccasionally  HA2 could be seen a t 1.26 and 1 .2 3  
g /m l .  The cy top lasm ic sam p les contained too little  rad ioactiv ity  to be 
analyzed.
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3. Discussion
It appears that 95-98? of the NP and HA2 proteins of input 
virus which has penetrated the cel I at 4° is present in the nucleus. 
Over 50? of the input matrix protein of virus which has penetrated 
is exposed on the outer surface of the plasma membrane where it can 
be liberated by extracellular agents. The remainder of this protein 
is found in the nucleus. In confirmation of the results of 
Stephenson and Dimmock (1975) and Hudson et a I. (in press), the 
majority (72?) of input virion RNA is found in the nucleus under 
similar conditions in these studies. I have reported differences 
in the movement and fate of viral proteins in the nucleus on 
warming the infected culture to 37° and have evidence supporting 
the observation of the above authors that a proportion (34?) of 
the nuclear input vRNA subsequently moves out at 37°. Finally I 
have investigated the state of viral proteins in the nucleus and 
obtained some indication of a rearrangement of viral RNA and 
proteins. There is a further suggestion of an association of viral 
components with host cell chromatin (Stephenson, 1974; Hudson et a I., 
in press).
3A. The Initial Events: a. The Appearance of Input Viral 
Components in the Nucleus
After 90 min infection at 4°, of the cell associated viral 
components, 72? of the RNA appeared in the nucleus whilst 68? of the 
proteins were found there. However, only 5? of the proteins and 10? 
of the RNA was genuinely in the cytoplasm for the remainder was eluted 
by acid washing. In close agreement, Stephenson and Dimmock (1975) 
found 70? of cell associated input vRNA in the nucleus whilst Hudson 
et a I. (in press) reported 75?. Consistent with the ribonucleo- 
protein structure of influenza virus, my studies show 95? of the 
input NP inside the cell was located in the nucleus but, more 
surprisingly, so was 92? of the viral glycoprotein HA2. The protein 
outside the cell (liberated by acid washing) was almost entirely 
matrix protein and 66? of the total cell associated M was found
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In co n tra s t,th e  m easu rem en t of input NA ac tiv ity  showed 95-98 % 
to b e  in the cy to p lasm . The c e lls  in these experim en ts w ere  not 
ac id -w ashed  but even allowing fo r a five-fold o v ere s tim a te  of c y to ­
p la sm ic  values by th is om ission , the ra tio  of NA in cytoplasm  to 
th a t in nucleus would s t i l l  be 85:15. Im m unofluorescence stud ies 
(se e  Section 2 .2 C ) showed specks of NA antigen fluo rescence in the 
cy top lasm  a t 1 hpi and diffuse cy top lasm ic stain ing with brigh t specks 
o v e r  the nucleus a t  I 3 h p i.These a r e  consis ten t with the d istribu tion  
of NA ac tiv ity  if the specks a re  in the cytoplasm  overlaying the nucleus. 
Dim m ock (unpublished o b se rv a tio n s)  has a lso  observed  input NA 
flu o rescen ce  p e r ip h e ra l to the nucleus. The d isp a rity  in the location 
of the v iru s  g lycop ro te in s is su rp ris in g  considering  that they a r e  both
in co rp o ra ted  into the v iru s  m em b ran e . Hudson e t a l . (in p r e s s )  found 
32 3th a t ne ith e r [ P] o r  [ H] choline-phospholip id  was found in the nuclear 
fra c tio n , but alw ays in the cy toplasm ic frac tio n . T hus, if HA2 in the 
n u c le a r  frac tio n  re p re se n te d  con tam ination ,it would have to be the 
f r e e  g lycopro tein  and not p o rtions of v ira l m em brane. Although it is 
p o ss ib le  that the de te rg en t u sed  to frac tiona te  the ce lls  m ight solubilize 
th e  p ro te in , it is  invariab ly  o bserved  that newly syn thesized HA2 is not 
found in asso c ia tio n  with the n u c lea r  fraction  p rep a re d  by the sam e 
m e th o d .'- A lte rna tive ly , if the NA ac tiv ity  in the cytoplasm  is due to 
so m e a r te fa c t of the fractionation  p ro ced u re , then the finding of the 
phospholipid th e re  m ust a lso  be sp u rio u s.
11-18% of the to ta l c e ll a s so c ia te d  v ira l RNA, NP and HA2 w ere 
re c o v e re d  in the acid  wash and I suggest that these a re  derived  from  
v irio n s  which have adsorbed  to but not pene tra ted  the host c e ll p lasm a 
m e m b ran e . Of the 66% of m a tr ix  protein eluted in th is  frac tion , only 
an am ount equivalen t to the o th e r v ira l com ponents can be derived 
fro m  adsorbed  v irio n s  rem oved  by acid  washing ( i . e . about 15%).
T h e  rem a in d e r of the m a tr ix  p ro te in  (about 50% of the to ta l c e ll 
a s so c ia te d )  m u st th e re fo re  be derived  from  input v irions which have 
p en e tra te d  Into the c e ll. I have construc ted  a highly speculative 
sch em e which accounts for a ll these  observations but involves 
m echan ism s which appear to be without p receden t.
1F ig . 1/4 The in itial events In influenza v iru s  infection
1/19
b .  Schem e of the Initial E vents in Infection (Fig. 1 /4)
In th is  schem e, about 15% of v iru s  adso rbs abortively  and is thus 
eluted by ac id  w ashing. T he rem ain ing  85% p en e tra te s  by m ic ro p in o - 
cy to s is  (Stephenson and D im m ock, 1975). The pinosom e is tran sp o rte d  
through the cy toplasm  un til p e r ip h e ra l to the nucleus. H ere t p e rh a p s  
tr ig g e re d  by th e ir  ju x ta p o s it io n  the p ino iom e and virion m em branes 
undergo a type of fusion in which both m em branes appear to d isso lv e  
sim u ltaneously . T h is  type of fusion has been observed between v iru s  
and a r t i f ic ia l  cy top lasm ic v es ic le s  (Hoyle e t a l . . 1962) and w ith v iru s 
and n o rm a l v es ic le s  in in fected  ce lls  (Dourmashkin and T y r r e l l ,  1974). 
D uring th is p ro c e ss , the v i r a l  envelope is d isin teg ra ted  so tha t the NA 
and lipid rem ain  in the cy top lasm  but the HA becom es attached  to 
s ia lic  acid re s id u e s  on the n u c lea r  m em brane (M arcus et a l . . 1965), 
w hilst the c o re  is tra n sp o rte d  into the nucleus. Some m a trix  protein  
leaks out a t th is s tag e  and is  tran sp o rted  back to the p lasm a m em brane 
p ossib ly  by the sam e m echanism  as is involved in the tra n sp o r t of 
newly syn thesized  m a tr ix  p ro te in . Some M en te rs  the nucleus in 
associa tion  with the c o re . T h e  m echanism  of insertion  through the 
p la sm a  m em brane is u n c e r ta in , but Ada and Yap (Im m unochem istry , 
in p r e s s )  have re p o rte d  tha t cytotoxic T  c e lls  from  m ice im m unized 
with m a tr ix  p ro te in  d es tro y e d  tis su e  cu ltu re  ce lls  infected w ith 
influenza suggesting  that M pro tein  antigen was p re se n t on th e ir  su rfa ce . 
When the c e lls  a r e  fra c tio n a te d , HA2 rem a in s  bound to the s ia lic  acid 
re s id u e s  in the n u c lea r  m em brane , w hilst any rem ain ing  v iru s  m em brane 
and the cy top lasm ic m em b ran es a re  d isso lv ed , and thus the phospho­
lipid and neu ram in id ase  a p p e a r in the cy top lasm . Some HA2 appearing  
in the cy top lasm ic fraction  a f te r  Incubation a t 37° could be re le a se d  
by NA al: the n u c lea r  p e r ip h e ry .
T h is  m odel p red ic ts  tha t infected c e lls  sam pled a fte r  s h o r t tim es at 
4° would exhibit le ss  acid  elu tab le M protein com pared with in tra c e llu la r  
M than a f te r  long periods due to the tim e to p ass  through the cy toplasm  
and becom e in se rted  th rough the m em brane. It p red ic ts  tha t the HA2- 
s ia lic  acid re s id u e  bond is  r e s is ta n t  to d e tergen t. In Infection a t 4°
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with v iru s containing non-functional NA, the m odel p re d ic ts  that HA2 
w ill not be re le a se d  into the c y to p la sm . The m odel does not explain 
how the fusion p ro ce ss  can ta k e  p lace a t  4° u n le ss  the  lipids involved 
a re  m ore fluid than those a t th e  p lasm a m em brane w here low 
te m p era tu re  inhibits fusion. T h e  union of HA2 m olecu les to sia lic  
ac id  re s id u e s  m ust be re m a rk a b ly  com prehensive  to re n d e r  so little  
soluble to the d e terg en t. M m ay  be in se rted  into o r  through the p lasm a 
m em brane by the p ro c e sse s  w hich in co rp o ra te  c e llu la r  p ro te in s .
3B. The Movement of Input V ir a l  Com ponents a f te r  W arm ing to 37°
A loss was observed of 34% of the n u c lea r vRNA and 50% of the NP 
and HA2 from  the nucleus. T h e re  was little  change in the pool of M. 
Hudson e t a l . (in p re s s  f u s in g  the sam e NML technique> rep o rted  50% 
of the vRNA m igra ted  w hilst Stephenson and Dimmock (1975) found 
75-80% by conventional fra c tio n a tio n . Thus these  r e s u lts  ag ree  that 
a substan tia l proportion  of the input vRNA leaves the nucleus at a stage
when the in itia l transcrip tion  is  beginning.
in t h i s  study ,
70% of the re le a se d  H A 2/reappears in the cy top lasm , 8% is ejected  
into the m edium , and the r e s t  is unaccounted fo r, p resu m ab ly  degraded . 
T h e re  is no sign of add itiona l NP in e ith e r  cy top lasm  o r ou tside the ce ll 
to co rrespond  to the 50% lo ss  from  the nucleus which could mean that 
the NP is degraded in the cy to p la sm .
T here  is som e ev idence, d iscu ssed  below , to suggest tha t a la rge  
proportion of NP in the n u c leu s  m ay be f re e .  AlthoiKjh the p re lim in ary  
experim en ts of th is study d id  not show a d e c re a s e  in NP in the nucleus, 
the o v era ll level of NP d ro p p ed  m arkedly  so degradation  could be 
involved. Hudson et a l . (in p r e s s )  found a la rg e  d e c re a s e  in the v ira l 
protein in the nucleus which could re f le c t tra n sp o r t out of the nucleus 
and degradation in the c y to p la sm .
The m ovem ent of RNA an d  NP from  the nucleus may be a p ro ce ss  
specific to v iru s  m u ltip lica tio n , p a r tic u la rly  since  the level of M pro te in  
in the nucleus rem ain s su b stan tia lly  unchanged. As d iscu ssed  above, I 
think that the m ovem ent of HA2 is a se p a ra te  p ro c e s s , unconnected with 
m ultip lication , resu lting  f ro m  the cleavage of HA2 from  the sia lic  
res id u es  on the nuclea r m e m b ran e .
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3 C . The State of Input V ira l P ro te ins in the N ucleus
T h is study showed that 60% of both NP and M w ere  in itially  a t high 
density  (1 .3 2 -1 .3 5  g /m l )  a f te r  infection a t  4° and cen trifugation  on 
m e tr iz a m id e ( but on w arm ing  to 37° that peaks of NP and M appeared  
a t 1.255 g /m l  which is  around  the density  of vRNP's (Section 3 .2 ;
Hudson e t a l . , in p r e s s ) and a t  1 .2 3 -1 .2 1  g /m l  a t which density  
chrom atin  bands in th is  sy te m . Some M rem ained  a t high density  
a f te r  the 37° incubation, but a l l  the NP d isa p p ea re d . | WOuld t e n t a t i v e l y  
suggest two schemes that explain the data.
(1) NP is in itia lly  rem oved  from  the vRNA and thus bands a t the density  
of fre e  p ro te in  ( >  1 .29  g /m l ) .  Some M rem a in s  in associa tion  with 
the v ira l RNA but m uch is f re e  a lso . A fte r  37° incubation, the NP 
re a s so c ia te s  with the RNA, m o re  M re a s s o c ia te s  with RNA and som e
of these  vRNP com plexes becom e as so c ia te d  with ce ll chrom atin  a t 
1 .23 -1 .21  g /m l .
(2) A fter 4° infection , the v ir a l  RNP a p p e a rs  to be a sso c ia ted  with 
ex tra  v ira l  p ro te in  (m ostly  NP) which would in c re ase  the density  in 
m e tr iza m id e  above the 1 .255  g /m l .  On cen trifugation , som e of these  
ex tra  p ro te in s  fo rm  com plexes with m e tr iza m id e , such as  has been 
rep o rted  fo r  fre e  p ro te in s  (Rickwood e t  a l . . 1974a), and th is accounts 
fo r the in c re a se  in ap p a ren t density  of th e  vRNP com plex to > 1.30 g /m l .  
On w arm ing to 37° th ese  e x tra  p ro te in s  a re  rem oved , and the vRNP 
re v e r ts  to its  n o rm a l d ensity  of 1 .255 g /m l  and possib ly  a s so c ia te s
with c h ro m a tin . T h e re  is an excess of M and so the lo ss  from  high 
densities on s tr ip p in g  of th is  com plex is obscu red . In support of th is 
theory  is the s lig h t peak of M and NP a t  1 .29 g /m l  a f te r  4° incubation 
which m ay r e p re s e n t  the vRNP -pro te in  com plex w ithout attached 
m e triza m id e .
However, the data are Insufficient to support either scheme 
strongly, and the structures observed at 4° Infection may not be 
'real' Intermediates in the virus growth cycle under normal 
conditions.
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4. Cone I us ion
Our results suggest that influenza viruses are uncoated at some 
site close to the nuclear membrane. Further experiments are needed 
to determine exactly where the virus loses its lipid envelope since 
this is the crucial evidence that virus is not uncoated by fusion 
with the nuclear membrane. A more detailed knowledge of the fate 
of the NA and HA is also needed so that the significance of their 
distribution between nucleus and cytoplasm can be determined. It
the fate of these proteins after infection will become apparent. 
However, there may well be problems of iodinating and maintaining 
i nfecti vi ty.
The acid wash technique. Introduced to remove virus attached 
to the outside of the cell, and hence to obtain a more realistic 
value for proteins in the cytoplasm,has proved a useful tool in 
Improving the study of the penetration of virus into cells.
The suggestion that viral RNP associates with the chromatin 
in the nucleus is of interest In regard to the requirement for a 
nuclear function to initiate viral multiplication (Barry et a I., 
1962; Follett et a I., 1974; Spooner and Barry, 1977). Clearly 
further investigation Is required into the nature of this 
association, and what that means in functional terms. In other 
words, -Is such an association fortuitous or is it an essential 
feature of multiplication?
This section has shown many of the difficulties involved in 
a biochemical study of a complex biological phenomenon and the 
difficulty of reaching unambiguous answers to the questions posed. 
However, something has been learned about the distribution of the 
viral proteins and the way has been pointed for further 
experimentation.
is hoped to be able to label the glycoproteins with
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SECTION 2
Location and M ovement o f Newly Synthesized V ira l P ro te ins 
1. Introduction
In p rev ious stud ies th e re  has been som e d isagreem ent o v e r  the newly- 
syn thesized  v ir a l  p ro te in s  which a re  found in the nucleus. T ay lo r e t a l .
(1969 , 1970) found w hat was thought to be M in the n u cleu s, Lazarow itz
the work.of
e t a l . (1970) re in te rp re te d  th is  a s  NS1 whilst? th is group and K rug 's stud ies 
(Krug and E tkind( 1973; K rug  and Soeiro, 1975).vere in agreement that matrix 
pro te in  rem ained  cy to p la sm ic . G regoriades ex tracted  M fro m  the nucleus 
(G rego riades, 1973), Hay and Skehel (1975) rep o rted  it to be accum ulated 
the re  w hilst the behaviour of m a tr ix  antigen was shown to b e  variab le 
(Oxford and Schild, 1975).
T h e re  has been a concensus that v ir a l  p ro te ins could n o t be observed  
to m ig ra te  out of the n u cleu s (Krug, 1972; Krug and E tkind, 1973; Hay and 
Skehel, 1975) although the behaviour of the virion RNP antigen  has been 
in te rp re ted  a s  d em o n stra tin g  the m igration  of NP into the cy top lasm  
(Breitenfeld and S chafer, 1957; Maeno and K ilbourne, 1970; Kelly and 
D im m ock, 1974). H ow ever, the significance of th is m ig ra tion  is com pletely  
unknown.
It w as in an a ttem p t to re so lv e  som e of these d iffe ren ces and to 
illum ina te 'the  ro le  of influenza v iru s p ro te in s in the nucleus that this 
study was in itia ted . It w as hoped to re so lv e  the apparen t paradox  between 
the m ovem ent NP a-itigen and the lack of movementof labelled  NP from  the 
n u cleu s. T he involvem ent of nuclea r v ir a l  p ro te in s in the nuclea r step 
and w hether they w ere  subsequently  incorporated  into v ir io n s  was a lso  
investiga ted . T hese  s tu d ie s  w ere extended to cover the r e le a s e  of a ll 
p ro te in  com ponents into the  tis su e  cu ltu re  flu ids. I was p a rticu la rly  
in te res te d  to see  w hether p ro te in s not incorporated  into v ir io n s  w ere 
re le a se d  d iffe ren tia lly  o r  a t random . Previous stud ies on the re le a se  of 
v irions had considered  only the time of syn thesis of v ir a l  p ro te in s  leading 
to th e ir  m ax im al incorporation  into v irions (M eie r-E w ert and Com pans,
1974; Krug and E tkind, 1973) and the k ine tics of incorporation  of p ro te in s  
into v irio n s (Hay, 1974).

F ig . 2/1 T he effect on v iru s  grow th a t 31° of the
te m p e ra tu re  and m ultip lic ity  of infection.
35A ll c u ltu re s  w erep u lsed  a t 4 hpi w ith [ S] m ethionine for 
5 m in . 1-6 w ere  Im m ediately  p rep a re d  fo r  PAGE (10% 
phosphate) w h ilst 7 -lO w e re  chased  in m edium  containing 
cold m ethionine for 20 m in .
Infection 
tem p (°C )
C hase 
(min )
MOI
1 M ark er 18 0 100
2 4 0 100
3 4 0 10
4 4 0 1
5 4 0 100
6 18 0 100
7 4 20 100
8 4 20 10
9 4 20 1
10 M arker 4 20 100
2f 3f 4 il lu s tra te  the effec t on v ira l  p ro te in  synthesis^ln a 5m in 
p u lse ;of dec reas in g  MOI with 4° in fectlonf and 7, 8t 9 s lm ila r ly  
with a 20 m in chase  following the p u lse . 5t 6 com pare the 
re la tiv e  density  of p ro te in  bands a f te r  4° and 18° infection.
X is the host protein act in
e for
1%
ling
401
100
100
10
1
100
100
100
10
1
100
in a 5 min
J
3 s im ila rly  
ire  the 
feet ion.
M  NS1
;r-,
S' '
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2. In trace llu la r: the Synthesis and D istribution of R ad io labelled  V ira l 
P roteins
2A. P u lse-chase  E x p erim en ts: Techniques
(a) Growth of influenza v iru s  at 31°
A p re lim in a ry  investigation into the growth of in fluenza v iru s  a t 31° C 
was c a r r ie d  out in o rd e r  to d eterm ine the feasib ility  o f  a study of the 
m ovem ents of rad io lab e lled  v ira l p ro te in s between cy to p lasm  and n u c leu s. 
Incubation a t lower te m p era tu re  w as used to extend th e  time co u rse  of 
p rotein  syn thesis  s in c e  Skehel (1972) had shown that e a r ly  and late p ro te in s  
could reg u la rly  be d istinguished  at 31° though not at 3 7 ° . The co rre la tio n  
of antigen m ovem ents with those of newly syn thesized  v iru s p ro te in s  
detected  by rad io labelling  would thus be fac ilita ted . By infecting with the 
v iru s  a t 4° it was hoped to im prove the synchrony of v iru s  infection since 
the m a jo rity  of infecting v iru s  in the ce lls  would have com pleted  the 
attachm ent, penetra tion  and uncoating stages (Stephenson et a l . . in p r e s s ) .
A m ultip lic ity  of infection of 1 -5 PFU/fcell was used  in itia lly  to avoid the 
possib le  anom alous effec ts  of high m ultiplicity  lead ing  to the production of 
von Magnus v iru s . A ccording to Skehel (1972) a t m o i 2, a ll v ira l p ro te in s  
w ere  detectable by radiolabelling.
o
C u ltu res of CEF c e lls  w ere infected with FPV (m oi 2) fo r 30 min a t 4 
and incubated fo r 4^ h a t  31°. N either a 5 min p u lse  of [ S ]-m eth ion ine 
no r a pu lse  followed by a 25 min chase  produced any detec tab le  v ira l 
p rotein  on po lyacry lam ide g e ls .
The au to rad iograph  (F ig . 2 /1 )  com pares both th e  effect of 4° and room
tem p era tu re  Infection and differen t moi on infected c e l l s ,  e ith e r  pulsed 
35with [ S ]-m eth ion ine a t 4 hpi for 5 min o r pulsed a n d  then chased  for
20 m in. The ch ase  stren g th en s v ira l protein bands but a f te r  4° infection
with moi 1 , v ir tu a lly  no v iru s  NP was produced an d  the in tensity  of
v ira l bands in c re ase d  in sam ples infected a t 10 to 100 PFU/fcell. Note that the 
host protein, actin (X), Is always labelled.
A fter room  te m p e ra tu re  infection, the v iru s  g ro w th  cycle was fu rth e r
advanced as  judged by the re la tiv e  intensity of M a i d  NSI (see below,
2A .(b )). In tra ce llu la r  HA production was a lso  e a r l i e r  a f te r  room
te m p era tu re  than a f te r  4° infection (see 2A .(b) and F ig . 2 /2 ) .  C ells
F ig . 2 /2  In tra ce llu la r HA production  a t 31
O infection at 4 ° . □  infection a t room
te m p e ra tu re .
O)
i—
■D
<
I
cn
o
F ig . 2 /3  V iru s  growth p a ra m e te rs  in infected ce lls  incubated at 31 
□  in tra c e llu la r  HA 
O P F U re le ase d  
■  HA re le a se d
T he sy n th e s is  of v ira l  p ro te in s  in Infected 
c e lls  at 31°.
C u ltu res  w e re  pulsed at the t im e s  indicated 
35fo r 5m in  w ith [ S] m eth ion ine> and then 
p ro ce ssed  fo r  PAGE on a 10% phosphate gel 
with 15% "stopping la y e r"  a s  indicated .
X is the host protein act in.

2M
NS1 time after
| I infection
(h)
A .o
o
L 'S i. 2 /5  T he appearance ofM and NSI in in fected  c e lls  incubated at 31 .
P ro file s  a re  scans of an au to rad iog raph  of a 101# phosphate g e l .  
The horizontal line left m ark s th e  b ase lin e . C ells w ere  infected 
for 15 min a t room  te m p era tu re  and incubated at 31°. At tim es 
ind lcated> c e lls  w ere pulsed fo r 5 m ln  w ith [ ^ S ]  m ethionine and 
im m ediately  p rep a red  for PAGE.
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infected at 4° w ith  moi 10 eventually  produced a fain t tra c e  of NP when 
pulsed a fte r  6 h  incubation a t 31°. T h is  co n tra s te d  with considerab le  
NP a t 3^ hpi a f t e r  a room  te m p e ra tu re  infection.
In tra c e llu la r  HA produced a f te r  infection w ith moi 100 a t both 4° 
and 20° is shown in F ig . 2 /2 . Though th e re  was about a 1 h tim e lag 
between the HA production of the c u ltu re s , the final y ields of HA w ere  
s im ila r .
T he com bination  of low m o i, 4° infection and 31° incubation did not 
produce su ffic ie n t v iru s  p ro te in  fo r an a ly s is . At h igher moi and infection 
a t 4° v a riab le  r e s u l ts  w ere  obtained which probably  depended on the 
batch of p r im a ry  CEF c e lls  u sed  which v ary  in the ir efficiency  of v iru s  
attachm ent an d  penetration  (Stephenson et a l . . in p r e s s ) .  T hese  
conditions w e re  th e re fo re  abandoned. Instead the m axim um  synchrony 
of infection w as obtained by infecting c e lls  fo r only 15 min a t room  
tem p era tu re .
(b) P a ra m e te rs  of v iru s  g row th  cyc le  a t 31°
T he p roduction  of infectious v iru s , in tra c e llu la r  and e x tra c e llu la r  HA 
was m easu red  following Infection of c e lls  a t 20° with m oi 15 (F ig . 2 /3 ) .  
R eleased haem agghitin in  ac tiv ity  was only detec tab le  a f te r  12 h w hilst 
in tra ce llu la r  HA reached  its m axim um  ac tiv ity  between 8-10 h . The 
m ajo rity  o‘f in fec tious v iru s w as re le a se d  between 6 and 9 hpi, about 2 h 
la ter than a t 3 7 ° . T he sy n th esis  of v ira l p ro te in s  w as f i r s t  de tec tab le  a t 
3 j  hpi with th e  appearance o f NP and a t ra c e  of NS1 (F ig . 2 /4  and 2 /5 ) ,
M becam e v is ib le  a t 4 j  hpi and m o re  in tense than NS1 by 6 hpi which a g re e s  
with Skehel (1972).
Im m unofluorescence stud ies  using  m onospecific an ti-N P  se rum
(prepared according to Kelly
/a n d  D im m ock, 1974) showed tha t nuclei accum ulated  NP antigen from  4 to 
5 hpi w hilst th e  cytop lasm s rem a in ed  em pty . A diffuse annulus of stain  
p e rip h e ra l to  th e  nucleus appeared  from  7-9  hpi w hilst the in te rio r  was 
less In tensely  sta ined  than the cy top lasm . Some ce lls  showed dark  spo ts 
over the n u c le o li . T his w as only seen  In a m inority  of c e lls , how ever, 
m ost exhib iting  strong  n u c lea r  f lu o rescen ce  un til 11 -15 hpi when the 
balance of s ta in in g  intensity  sh ifted  from  the nucleus in favour of the
MFief. 2 /6  R ecovery of p ro te in  sy n th e s is  following sa lt-sh o c k , infected c .. 
at 5 h p i/3 l°w e re  pulsed a t  tim e = 0. At tim e  = 5 a ll cu ltu res 
a p a rt from  con tro ls  (a) w ere  subjected to 150 mM NaCl. o  
C u ltu res w ere  re le a se d  fro m  sa lt a f te r  v ario u s tim es:
(b) 5m in- (c ) 15 m in; (d) 25 m ln ;(e )  .35 m in . f  m arks sa lt-sh o ck .
•  O •  o
time (min)
F ig . 2 /7  F in e d e ta i lo f  rec o v e ry  of protein sy n th e s is  following sa lt-sh o ck .
(a) O c o n tro l, (b ) □  c e lls  sa lt-sh o ck ed  a t tim e = -20
and re le a se d  a t tim e = i0 .
cy to p lasm . The s ta te  w as reached  when whole c e lls  fluoresced  so 
in tense ly  that the nuclei could no longer be d istinguished .
T he asy m m etric  d istribu tion  of NP between nucleus and cytoplasm  
during  the co u rse  of Infection a t 31° thus a l te r s  only gradually  in m ost 
o f the c e l ls .  In a sm a ll population of about 5%  of the cu ltu re  the 
d is trib u tio n  of NP antigen did change in a s im ilar way to that observed 
a t  37° incubation (see below, 2 C .) a lbe it about 2 h la te r .
T h e se  p re lim in ary  investigations showed that it was not feasib le to 
c o r re la te  the m ovem ents of v ira l NP antigen a t 31° with those of newly 
syn thesized  v ira l p ro te in s  detected  by pu lse -labe lling  since the m ovem ent 
of the fo rm e r  w ere  continuously sp read  over the v iru s  growth cycle.
o
(c ) S alt shock synchrony: application a t 31
In an attem pt to synchronize protein  syn thesis to allow the use of 
v ery  s h o r t pu lse  tim es, CEF c e lls  w ere c h a rac te rize d  for their 
s e n s itiv ity  to sa lt shock. This is the phenomenon (Saborio e t a l . .
1974) In which ce lls  exposed to medium  containing sodium ch loride stop 
syn thesiz ing  p ro te in s . T h is  trea tm en t p reven ts re in itia tion  , causing 
rib o so m e s to run off the m essage  and polysom es to be broken down. By 
w ashing the c e lls  to rem o v e the sa lt solution, the synchronous syn thesis 
of p ro te in s  is r e s to re d .
C EF ce lls  w ere  f i r s t  c h a ra c te r iz e d  fo r th e ir  sensitiv ity  to sa lt shock 
a t 31°. 150 d M sodium  ch lo ride  prevented  pro tein  syn thesis in ce lls
4 -5  h a f te r  infection with FPV. F ig . 2 /6  I llu s tra te s  an experim ent to
¡
investiga te  the rec o v e ry  from  th is trea tm en t. C ontrol cu ltu res w ere
pulsed  w ith [^ S ] -m e th io n in e  and harvested  at various tim es . A ll o th e r
c u ltu re s  w ere  also  pu lsed  but a f te r  5 min they w ere  sa lt-shocked  .
C u ltu re s  w ere re le a se d  from  sa lt shock by
w ashing a f te r  5, 15, 25, 35 min and harvested  a t various tim es.
T he ce lls  s t i l l  rec o v e red  the ability  to syn thesize protein a t o r  n e a r
to c o n tro l ra te s  a f te r  35 m in of exposure to s a lt .  However, there is a
no ticeab le  delay between rem oving the sa lt and the renew al of protein
sy n th esis  which was Investigated fu rth e r (F ig . 2 /7 ) .  Two se ts  of
c u ltu re s  w ere  taken a f te r  4 to 5 h of infection. One se t was trea ted  w ith
tF ig . 2. 8 C oncentration of N aC lrequ ired  to  inhibit p ro te in  sy n th esis  in 
infected ce lls  a t 37°. Infected c e lls  w ere  pulsed  at 3 j  hpi 
(tlm e=  0) and sa lt-sh o ck ed  a t tim e = 10 to a final concentra tion  
of NaCl:
O C ontrol; no s a lt. •  100 mM ■  150 mM 
□  200/250 mM
chasetime (min)
F ig , 2 /9  Validity of ch a se . Infected c e lls  w ere sa lt-sh o ck ed  a f te r  5 hpl 
at 31° and pulsed (after r e s c u e  ) fo r 2 m in . C ells w ere  
fractionated  by NML a f te r  the ch a se  tim es indicated> and 
p ro cessed  by hotTCA m ethod .
O cytoplasm •  nucleus
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T a b le  2/1
A nalysis  of pulsing reg im en s: re la tiv e  incorporation  of label into 
TCA  p réc ip ita b le  counts
No. S tarvation  Pulsing Incorporation Incorporation
_______ m edium __________________m edium  as %  of 1_______ as %  of 4
1 E a r le s  + 4%  d ia lysed  
c a lf  se ru m  (EDC 4 )
2 Glasgow m odified 
grow th m edium  lacking 
m eth ion ine (GM -M )
3
4 EDC 4
5 GM-M
EDC 4 100
EDC 4 56
EDC 4 14
GM-M 20 100
GM-M 17 85
GM-M 7 366
H
B
B
I
« * -  - « .S f* m u  *
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150 mM sodium  ch lo ride  for 30 min and then w ashed. Both c u ltu re s  w ere 
pulsed  with rad ioactive  m eth ion ine. T C A -inso lub le counts from  cu ltu re s , 
h arv ested  a t various tim e s , w ere  re c o rd e d .
Although the s a l t- tre a te d  c e lls  attain  the r a te  of pro tein  sy n th e s is  of 
the co n tro l c u ltu re s , th e re  is a lag of 8 min befo re  th is r a te  is ach ieved.
In o ther experim en ts th is  was found to v ary  between 8 and 11 m in . The 
lag period  between w ashing out the s a lt  and the  achievem ent o f norm al 
ra te s  of p ro te in  syn thesis  m ade the p ro ce d u re  unsu itab le  fo r its o rig ina l 
pu rpose as  p ro te in  syn thesis  would no longer be synchronous if the s ta r t  
of the pu lse  had to be delayed fo r  th is lag p e rio d .
(d) Salt shock synchrony: its  application a t  37°
At 37° it was found that in o rd e r  to inhibit p rotein  sy n th e s is , the 
concentration  of sodium  ch lo ride  had to be in c re ase d . In one experim en t 
se ts  of c u ltu re s  w ere  trea ted  with a s e r ie s  of s a lt  concen tra tions which 
showed that 200 mM sodium  cho ride  was re q u ire d  to inhibit p rotein  
syn thesis  to the sam e ex ten t a s  achieved w ith  150 mM a t 31° (F ig . 2 /8 ) .
T h is technique w as used  to exam ine the location and m ovem ent of 
influenza v ir a l  p ro te in s  im m ediate ly  a f te r  sy n th e s is . H ow ever, on 
com parison  with the r e s u lts  from  longer p u lse s  c a r r ie d  out w ithout the 
s a l t  shock trea tm e n t, it appeared  that little  ex tra  reso lu tion  was gained by 
th is  tre a tm e n t. T h ere  a lso  ap peared  to be so m e  inhibitory effec t on glyco- 
sylation since  bands w ere  observed  m ig ra tin g  in the sam e position as  those 
found by Klenk et a l . (1974) a f te r  inhibition of g lycoprotein  syn thesis  in 
infected CEF ce lls  w ith g lucosam ine and deoxyglucose. It w as concluded 
that, without tangible g a in s  in reso lu tio n , s a l t  shock was an u n n ecessa ry  and 
po ten tia lly  d is tu rb ing  p ro c e ss  to im pose on the na tu ra l v iru s  grow th cycle 
when observ ing  changes over p erio d s of longer than 5 m in .
(e) P u lse-ch ase  p ro ced u res
In an a ttem p t to m ax im ise  the incorporation  of rad io labe lled  m ethionine 
into v ira l p ro te in s  , a num ber of pulsing reg im es  w ere  investiga ted . We 
found that incubation of the c e lls  in pu lse m edium  of E a r le s  with d ialysed
4P
F ig . 2/1Û V irus p ro te in s  syn thesized  a t  1 .5  and 2 hpi,
in cy top lasm  and n u c leu s. Infected cu ltu re s  
35w ere pu lsed  w ith [ S] m ethionine for 10 
m in a t tim e s  indicated and ch ased  fo r 0, 10 
m in o r  to 6 h p i. They w ere  then fractionated  
by NML into cy top lasm  and nucleus and 
analyzed on 10% phosphate PAGE.
X is the host protein actin.

F ig . 2/11 V iru sp ro te in s  syn thesized  a t 2 .5  and 
3 h p i in cy top lasm  and n u c leu s.
As 2 /10 .
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calf s e ru m  (EDC4) which lacked rad ioactive  m ethionine for 10 min before 
adding th e  isotope inc reased  incorporation seven-fold  (Table 2 /1 ) .  A 
s im ila r  p rocedu re  with Glasgow m odified grow th m edium  lacking 
m ethionine (GM-M) im proved the incorporation  2 .5 -fo ld . T he reason 
for th is im provem ent of incorporation  with EDC4 , lacking a ll the am ino 
acids, o v e r  GM-M, containing a fu ll com plem ent with high specific 
activ ity  m ethionine, is unknown. H owever, incorporation was linear for 
at le a s t 30 min a s  shown in the co n tro l cf F ig . 2 /7 .
C h ase  p rocedures w ere  a lso  investigated . Two w ashes a f te r  
labelling  with excess Glasgow m odified grow th m edium  plus 4%  calf 
se rum  followed by incubation in that m edium  re su lted  in cold TCA 
p réc ip ita b le  counts r is in g  by 18% in the f i r s t  10 min of ch a se . No 
fu rth e r  inc rease  in TCA p réc ip itab le  counts w as observed ov er 1 h of 
ch ase . Another illu stra tion  of the validity  of the chase  is given in F ig .
2 /9  in w h ich , a f te r  sa lt shock and s ta rv a tio n , a 2 min pu lse  was followed 
by a s e r ie s  of c h a se s . T he c e lls  w ere  fractionated  and trea ted  with hot 
TCA to hydrolyze labelled am in o acy l-t -R N A 's. P récip itab le  ra d io ­
ac tiv ity  was collected on f i l te r s .  T h e re  was no substan tia l change in 
cy top lasm ic o r n u clea r counts ov er the 4 min of chase .
Pulse C hase E xperim en ts: Q ualitative Survey of the Location and Subsequent 
M ovem ent of V ira l P ro te ins Synthesized between 1^ and 4 hpi Since
3
the first large in c re ase  (10 -fo ld) in in tra ce llu la r  infectivity  o ccu rred  
a t 2 - 3 j  hpi (see F ig . 2 /21  ) tim e points w ere  taken from  I 3 to 4 hpi a t 30 
min in te rv a ls . Sets of th ree  c u ltu re s  w ere s ta rv ed  and pulsed,and one 
p la te  w as fractionated  into nucleus and cy top lasm  a t the end of the pu lse, 
one a f te r  a 10 min chase  and the final cu ltu re  a t 6 hpi. T he cytoplasm ic 
and n u c le a r  ex tra c ts  w ere  analyzed by PAGE (F ig . 2 /1 0 -1 2 ).
(a) NP
T h e  appearance and location of NP rem ained  unchanged throughout the 
p e rio d  under study except fo r the 2 hpi tim e po in t. G enerally  m ore  than 
half o f the NP was observed  to m ig ra te  rap id ly  to the nucleus. T here  was 
no change between its  concentra tion  a f te r  a 10 min chase  and a fte r the
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ch ase  to 6 hpl. Its syn thesis  was w ell under way a t 1 j  hpi and 
rem ained  eas ily  detectab le a t  a ll tim e po in ts . At 2 hpi it appeared 
that the m ovem ent of NP into the nucleus w as slowed a f te r  the 10 min 
ch ase , but th is observation w as not rou tinely  m ade.
(b) M_
T his p rotein  was only ju s t  visib le on the gels a f te r  the 10 min chase 
following labelling a t I 5 and 2 hpi. It appeared  a s  a strong  band in the 
nuclei only a f te r  the chase  to  6 hpi which presum ably  m eans that 
p rotein  syn thesis  incorporated  rad io labelled  m ethionine during this 
ex tensive c h a se . By 2 j h ,how ever, the protein  was found in a p r e ­
dom inantly n u c lea r location and by 3 hpi M was observed  in the nuclei 
of ce lls  frac tiona ted  w ithout a chase
(c) NS1
In co n tra s t to m a trix  p ro te in , the n o n -s tru c tu ra l NS1 was observed 
a t 1 j hpi, the ea rlie s t tim e point, and w as m ore intense than NP at 
th is tim e . NS1 synthesized  up to 3 hpi m ig ra ted  to the nucleus. At 3 j  
and 4 hpi its syn thesis  w as reduced , and it rem ained  predom inantly  
cy top lasm ic in location. T he m igration  of NS1 synthesized from  I 3 to 
2 j hpi into the nucleus w as slow er than that of NP and M since a fte r  10 
min of chase  the labelled pro tein  was s t i l l  p redom inantly  cytoplasm ic, 
though with a longer ch ase  to 6 hpi the m a jo rity  moved to the nuclear 
frac tio n . At 3 hpi it seem ed  that the m ovem ent of NS1 was fa s te r  as 
the label was p redom inan tly  nuclear a f te r  a 10 min chase w hilst a t la te r 
tim es n u clea r accum ulation did not o ccu r.
(d ) P p ro te in s
The P p ro te in s  syn thesized  a t 1 j and 2 hpi w ere  c le a rly  v isib le in 
the cytoplasm  but did not appear in the nucleus un til chased to 6 hpi. 
T hose syn thesized  a t 2 j and 3 hpi w ere  observed  in the nucleus a f te r  a 
10 min ch ase , but when labelled a t la te r  tim es the P p ro te ins w ere found 
in the cy top lasm .
F ig .  2/13
pro te in s between cytoplasm  and nucleus.
Infected ce lls  w ere sa lt-shocked  and pulsed 
35for 2 min w ith [ S] m ethionine a t 5 hpi at 
31°. They w ere chased for up to 4 min as  
indicated and fractionated  by the NML m ethod 
and analyzed by PAGE (10%/15% phosphate ). 
C: cytoplasm  
N: nucleus
X is the host protein actin.
D is t r ib u t io n  of new ly syn th e size d  v ir a l
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(e) HA 2
HA2 appeared  in the cy top lasm ic frac tio n s a f te r  a pu lse  at 3 j  and 4 
hpi followed by both sh o rt and long c h a s e s .
In su m m ary  th is experim en t shows tha t the P p ro te in s , NP and NS1 
a re  syn thesized  from  1^ hpi but M does not appear u n til 2 j hpi. HA2 
was not observed  u n til a f te r  3 hpi and then in the cy top lasm .
The m a jo rity  of NP and M becam e rap id ly  asso c ia te d  with the nucleus 
but the P p ro te in s  and NS1 a sso c ia ted  m o re  slow ly. NS1 synthesized  up 
to 2 j  hpi w as divided about equally  between nucleus and cytoplasm  ; that 
syn thesized  a t 3 hpi becam e predom inan tly  nuclea r w hilst subsequently  
the newly syn thesized  NS1 rem ained  cy top lasm ic . T he P p ro te in s appeared 
to undergo  the sam e schedule of m ovem ent, but th is w as less convincingly 
d em o n stra ted . F ro m  th is qualita tive study it w as not possib le to detect 
the m ovem ent of v ira l  p ro te in s  out of the nucleus and we decided that 
fu rth e r investigation m ust be m ade on a m ore  quantita tive b as is .
Pulse C hase E xperim ents Q uantitative Studies on the Location and Movement 
of Newly Synthesized V ira l P roteins
( a ) L abelled a t 5 hpi a t 31° fo r 2 min and chased  for up to 4 m in
In the following experim en t m ovem ents of v ira l pro tein  w ere determ ined
sh o rtly  a f te r  th e ir  sy n th esis  (F ig . 2 /1 3 ) . C u ltu res w ere  sa lt shocked and
sta rv e d  of m ethionine a t 5 h a f te r  infection a t 31°. T hey  w ere pulsed  for 
352 min w ith [ S ]-m eth ion ine and chased  fo r  up to 4 m in .
As shown in F ig . 2 /9  the d istribu tion  of to ta l counts between nucleus and 
cy top lasm  varied  little  over the chase  period  even though the in tensity  of 
v ira l p ro te in  bands d iffe red  widely ov er the sam e p erio d . About 17% of 
the to ta l hot TCA p rec ip itab le  counts w ere  asso c ia ted  with the nuclea r 
f ra c tio n . Each trac k  of the au to rad iograph  was loaded with approxim ately  
equal counts ; thus the nucleus trac k s  c a r r ie d  5 tim es g re a te r  c e ll  
equ ivalen t than the cy top lasm  tra c k s .
T he nuclea r and cy top lasm ic frac tio n s exhibited su b stan tia l d ifferences 
in the d istribu tion  of v ira l p ro te in s , both in itially  and a f te r  the chase  
p e rio d . All v ira l bands inc reased  in both frac tions though som e c y to ­
p lasm ic  p ro te in s reached  a plateau by 4 m in . T h is  may re p re se n t

the com pletion of labelled n ascen t polypeptides and the  exhaustion of 
the labelled pool of m ethionine in the cy top lasm . T h e  pool of 
com pleted polypeptides in the cytoplasm  continues to  accum ulate  in 
the nucleus.
In the nucleus it is c le a r  that NP, M ,and to a le s s e r  extent NS1( 
w ere  p re se n t a f te r  the chase  period  w hereas the com posite  band of P 
p ro te in s , HA , NP, M, NS1 and possib le  NS2 w ere p re se n t in the 
cytoplasm .
The level o f NP in the cytoplasm  increased  very  rap id ly  a f te r  the 
pulse and was heavily  labelled a fte r  1 min of ch a se . NP accum ulated  in 
the nuclear frac tion  much m o re  s low ly , and a fte r  4 min had reached  
only 30% of the  value reached  in the cy toplasm  a f te r  only 1 min of ch a se . 
Though M and NS1 w ere  not c le a rly  distinguished in the n u c lea r fraction  
in the v ery  e a r ly  s ta g es , by 4 min the doublet is v is ib le  with M p r e ­
dominant in in tensity  over NS1. In the cytoplasm  the In tensities w ere  
re v e rse d ; NS1 w as the predom inant p ro te in . At le a s t  in these e a r ly  
stages M accum ulated  m o re  rap id ly  than NS1 in the nu cleu s. The P 
p ro te ins and HA rem ained  cy toplasm ic as did NS2. How ever, the P 
p ro te ins and HA w ere  poorly  labelled and w ere  d ifficu lt to d istingu ish  
from  host p ro te in s  in th is  a re a  of the g e l.
(b) Labelled a t 3 hpi fo r 10 min and chased  fo r up to 3 h
( i ) P ro te ins in the cytoplasm  and nucleus
In a s im ila r  type of experim ent ce ll cu ltu res  w e re  Infected with FPV 
(moi 20) and incubated a t 37° for 3 h . The ce lls  w e re  s ta rv e d , pu lsed  for 
10 min and ch ased  fo r up to 3 h . The m edium  o v er each  cu ltu re  was 
co llec ted . T h e  cu ltu res  w ere  fractionated  into nucleus and cy top lasm , 
p rec ip ita ted  with ethanol, frac tions denatured  and analyzed by PAGE.
The re su ltin g  au torad iographs w ere scanned and peak heights w ere  
determ ined (F ig . 2/14 a and b ) .
The m o st s tr ik in g  observations w ere that NP, M and NS1 accum ulated  
with s im ila r  k ine tics in the nucleus. HA and HA2 w ere  not seen in the 
nucleus up to  6 hpi, w hilst the P p ro te in s only ap peared  a f te r  60 m in .
2 / 2 1
F ig . 2 / 15 V ira l p ro te ins re le a se d  from  infected ce lls  into 
the m edium .
35C ultures w ere infected and pulsed with [ S i-  
m ethionine fo r 10 m in a t3  hpi. Medium was 
rem oved from  the cu ltu res  a f te r  chasing for 
the tim es ind icated . A fter 180 m in the final 
cu ltu res w ere fractionated  into cy toplasm  (C) 
and nucleus (N). T hese  tra c k s  contained 12% 
of thehce of the m edium  tra c k s .
X is the host protein actin.
H.
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In the cy toplasm  two g roups of p ro te in s  could be d istinguished according 
to th e ir  m ovem ents ov er the 3 h ch ase  p e rio d . NP, Ps, HA2 and M 
rem ain ed  a t fa irly  constan t levels from  sy n th esis  up to 6 hpi , though 
the concentra tion  of Ps and M fe ll s ligh tly . On the o ther hand NS1 
and HA showed considerab le  dilution in the cy top lasm ic frac tion .
P resum ably  HA w as being cleaved  to HA 1 and 2 (Lazarow itz et a l . . 
1971; Skehel, 1972)( though HA2 did not exhib it a co rresponding  r is e  
in in tensity  w hilst HA1 was not c le a rly  reso lv ed  on th is g e l sy stem . 
A lte rna tive ly  the lo ss  of HA m ay be due to degradation o r  the HA 
sp e c ie s  m ay be unevenly g lycosy la ted  so tha t none of the species a re  
c le a r ly  reso lv e d . That the c leavage did occur Is seen
in the M etrizam ide an a ly s is  in Section 3.
T he level of NS1 in the cy top lasm  fe ll 5-fold f and though the
in c re a se  in NS1 In the nucleus roughly  equalled  that lost from  the
cy to p lasm , the k in e tic s  w ere d iffe ren t. M ost of the change in nuclear
levels o ccu rred  in the f i r s t  30 min w hilst the loss of NS1 from  the
cy top lasm  was approx im ate ly  lin ea r throughout the chase  period .
T he in c re a se  in n u c lea r NS1 levels m ay re f le c t new syn thesis  of the
35pro te in  from  the rem ain ing  [ S ]-m eth ion ine pool and its  tran sp o rt 
to  the nucleus.
L abelled a t 3 hpl fo r  10 min and chased fo r  up to 3 h.
(ii)  V ira l p ro te in s  re le a se d  into the m edium
In the m edium  co llec ted  from  the c u ltu re s  im m ediately  p r io r  to 
fractionation , two g roups of p ro te in s  w ere reso lv ed  (F ig . 2/14c and 2 /1 5 ). 
One com prising  M and NP, exhibited  a rap id  r i s e  in concentration of 
app rox im ate ly  25-fold w hilst the o ther, co m p ris in g  NS1t HA and P, 
showed an in c re ase  of 3 to 4 -fo ld . HA2 was not catalogued in these 
g roups since it was d isce rn ib le  only a f te r  2 and 3 h of chase  and then 
a t v e ry  low levels .
T h is  observation  is in te rp re ted  as  showing that in itially  fre e  v ira l 
p ro te in s  a re  re le a se d  from  the c e ll .  The in c re ase  in NP and M rela tive  
to NS1 through the ch ase  period  is seen as  the r e le a se  of labelled v irions 
over and above the continued r e le a s e  of f re e  p ro te in . T h e re  may also  
be a pu lse  of f re e  NP re le ase d  within 30 m in of the labelling. The
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chase  time (min)
NS1
F ig . 2/<6 Proportion of m ajo r v ira i p ro te in s  in the nucleus
cytoplasm  and tissue c u ltu re  fluids of infected ce lls  
during the 3 h followin g th e l r  syn thesis at 3 hpi.
C lea r: nucleus. Shaded; cy top lasm . Black: T C F .
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appearance of HA2 may also result from virion formation whilst the 
increase in virion Ps could be masked by the conti rued re I ease of 
free P proteins. These observations formed the basis of a further 
analysis of the state of viral components released from infected 
cells into the tissue culture fluids which forms part 3 of this
Labelled at 3 hpi for 10 min and chased for up to 3 h
(iii) Interpretation of the data *2
An alternative way of interpreting these data which I have 
called normalization allows for the variation in the uptake of label 
between individual cultures of infected CEF cells which I often 
observed to be substantial. The amoun+s of a viral protein in 
each fraction can be calculated as a proportion of the total 
recovered in all fractions. Although this makes no allowance for 
non-random degradation, there is no evidence that substantial 
breakdown of newly synthesized viral protein occurs. This 
normalization is illustrated in Fig. 2/16 for the major viral 
protei ns.
The proportion of M and NP in the nucleus has reached a 
plateau by 30 min of chase, whilst NS I continues to accumulate 
throughout. The proportion of matrix protein in the tissue culture 
fluids is significant I h after synthesis and rises rapidly to 16?
2 h later. There is an indication in the data that the proportions 
of NP and M (but not NS I) in the nucleus are beginning to fall in 
the last hour of the chase period. M from cytoplasm, and possibly 
nucleus, appears in the tissue culture fluids, whilst NP, lost from 
the nucleus, appears in the cytoplasm. These data show that it is 
necessary to analyze the tissue culture fluids for viral proteins as 
well as the intracellular compartments, and also that,in order to 
detect any movement of viral proteins from the large pool in the 
nucleus, normalization techniques to overcome the variation in 
primary CEF cells are essential. Furthermore, the dafa indicated 
that tie process of viral protein release appeared to be accelerating 
and thus a longer chase might reveal a more substantial release of 
matrix protein and might also show a significant loss of NP into 
the fluids.
Sect i on.
6F ig . 2/17 T he m ovement of m ajo r v ira l p ro teins between nucleus 
cytoplasm  and tis su e  cu ltu re fluids afte r the ir syn thesis  
at hpi.
O nucleus; •  cytoplasm ; a  T C F .
F ig , 2/17 The movem ent of m a jo r  v ira l p ro te ins between nucleus 
cytoplasm  and tis su e  cu ltu re  fluids afte r the ir syn thesis 
at 3 j hpi.
O nucleus; •  cy top lasm ; □ T C F .
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( c ) L abelled a t 3 ;  hpi for 10 min and ch ased  fo r 7 ; h
In th is experim en t CEF cu ltu res w ere infected , pulsed a t hpi, 
and chased  fo r 20 m in( 1 h t 3 h and 7 j  h . T he tis su e  cu ltu re  fluids 
w ere co llec ted  and the ce lls  fractionated  into cytoplasm  and nucleus 
for each  of se v e ra l tim e po in ts. The sa m p le s  w ere analyzed by PAGE 
and the g e ls  au toradiographed. The film  w as scanned and peak heights 
re c o rd e d . The to ta l fo r each of NPt M and NS1 at each tim e point was 
n o rm alized  as described above to rem ove the varia tion  caused by 
d iffe ren t incorporation effic ienc ies. F ig . 2 /17  I llu s tra te s  the
re s u lts  of th is p rocedu re .
It is c le a r  that both NP and M w ere  lo s t from  the ce ll m onolayer into 
the m ed ium . All of the m atrix  protein re le a s e d  cam e orig inally  from  
the nucleus which lost 46% of its M p ro te in ( w hilst levels in the cy to ­
p lasm  rem ained  low and constant (F ig . 2 /1 7  M). The nucleoprotein, 
how ever, w as lost from  the nucleus up to  3 h , w hilst the cytoplasm ic 
level rem ain ed  constan t; subsequently it w as lost from  both nucleus and 
cy top lasm  (F ig . 2/17NP), Of the to ta l NP in the tis su e  cu ltu re  fluids 
75% w as contributed  from  the nuclea r pool w hilst 25% cam e from  the 
cy top lasm . An a lte rn a tiv e  explanation is  tha t the NP from  the nucleus 
moved to the cytoplasm  and that cy top lasm ic NP was d isp laced  into the 
m edium .
On the o ther hand, the loss of NS1 into the m edium  was less d ram atic . 
The level of NS1 in the nucleus dropped by 25% of the m axim um  at the 
end of the chase period  com pared with 58% of NP and 46% of M. Like M, 
the leve l of NS1 in the cytoplasm  rem a in ed  constan t.
T he m ovem ent of M in this ex p erim en t c lo sely  followed and extended 
that observed  (F ig . 2 /16 ) when It was ch ased  up to 3 h . T h ere  was only 
a sm a ll drop in the nuclear level of NS1 in the f i r s t  3 h of chase  in this 
experim en t and levels in the m edium  w e re  low, s im ila r  to those 
Illu s tra ted  in F ig . 2/16 NSI). A sh a rp  d ro p  in the nuclea r levels of NP 
w as observed  between 1 and 3 h of ch a se  (F ig . 2 /1 7NPwhilst th is was 
m uch le ss  m arked in F ig . 2/16 i. H ow ever, the ce lls  w ere pulsed at 
s ligh tly  d ifferen t tim es (3 j hpi v e rsu s  3 np l) and F ig . 2/17 probably
0 >'•
F it;, 2 /18  The m ovem ent of m ajo r v ira l p ro te ins in Infected ce lls  
trea ted  w ithcyclohexim ide in the chase  m edium .
O nucleus; •c y to p la s m ; □  T C F .
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re p re se n ts  the situation  a t a la te r  point in the v iru s  m ultip lication  
eye le .
It m ight be argued that a f te r  7^ h of c h a se > when the ce lls  have been 
infected fo r  11  h it is p ossib le  that v iru s  p ro te in s  m ay be leaking out as 
a re s u lt  of v iru s  m ediated  dam age re su ltin g  in an in c re ase  in ce ll 
p e rm eab ility . Howevert the loss ap p ears  to be specific s ince  the 
proportion  of NS1 appearing  in the m edium  w as much sm a lle r  than the 
virion polypeptides M and NP. Also the cy toplasm ic levels of both M 
and NS1 rem ain  constan t which suggests that non-spec ific  leakage is 
not a m a jo r cause  of v ira l pro tein  re le a s e .
In experim en ts of th is  d es ig n j it is alw ays difficult to be ce rta in  
tha t a chase  with cold am ino acid is re a lly  effective in p reventing 
fu rth e r  incorporation  of rad io lab e l. T h e re fo re  we rep ea ted  this 
experim ent with an a lte rn a tiv e  technique.
(d ) Labelled a t 3 ;  hpi fo r 10 min and chased  in the p resen ce  of 
cyclohexim ide for 7 ;  h
We investigated  the m ovem ent of v ira l p ro te in s from  c e ll to m edium
by adding cyclohexim ide to the chase  m ed ium . Not only does th is
p reven t fu rth e r  incorporation  of rad io lab e l but also  reduces the s iz e  of
the to ta l.pool of v ira l p ro te in s  from  which m igration m ight o ccu r. Thus 
35the specific ac tiv ity  of [ S ]-m eth ion ine in the m igrating  p ro te in s  would 
be in c re ase d . The re s u lts  of such an experim en t in which 100^ig/m l 
of cyclohexim ide was p re se n t in the chase  solution a r e  illu s tra te d  in 
F ig . 2 /18 . The to ta l v ira l  protein syn thesized  a f te r  pu lse and ch ase  
under these conditions w as about 80% of the level in c u ltu re s  pu lsed  and 
chased without in h ib ito rs . S im ilar k in e tics  of NP, M and NS1 can be 
seen with the am ount of re le a se d  NP inc reasing  10-fold, of M 4 -fo ld t 
w hilst the am ount of NS1 re le a se d  in c re a se s  only 2-fold. The m ajo r 
sou rce  of each of these  p ro te in s  is from  the nucleus a s  before, though 
th e re  is m ore  M and NS1 accum ulating in the cy toplasm . T hese 
experim en ts co rro b o ra ted  the re su lts  of the previous P a rt.
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T able 2 /2
Activity of neuram in idase in nucleus and cytoplasm
T im e a fte r  
infection
A ctiv ity
OD_50/h /6  x  108 hce
hpi C ytoplasm Nucleus
* 0 .5 15.1 0 .5 3
* 2 .0 7 .5 < 0 .2 2
2 .5 65 .2 3 .5 5
5 .0 246.0 24.3 9
Proportion 
in nucleus
%
T hese values re p re se n t input NA ac tiv ity  and a re  included for 
com parison  (see also  T ab le  1 /1 ) .
T hus we have estab lished  ( by two d iffe ren t m ethods, the m igration 
of NP and M pro te ins from  the nucleus and th e ir  ex it from  the ce ll 
into the surrounding m edium . T he an a ly sis  of re le a se d  v ira l 
com ponents w as extended in the ex p e rim en ts  rep o rted  in p a r t 3 of 
th is Section.
2B. T he D istribution  of Newly Synthesized N euram in idase  Between 
Cytoplasm  and Nucleus
35Since neuram in idase is not labelled  w ell by [ S ]-m eth ion ine and is 
consequently  poorly reso lved  on PAGE, its d istribu tion  by ac tiv ity  was 
d e term in ed . It was of g re a t in te re s t to d e term ine  the d istribu tion  of 
the v e ry  e a r lie s t  neuram in idase  syn thesized  due to the re su lts  obtained 
by im m unofluorescence stud ies (see th is  Section 2C) and a lso  the 
d istribu tion  when the m ajo rity  of the in c re a se  In In tra ce llu la r  PFU had 
taken place (see th is Section 3A ). In o rd e r  to d e term in e  the e a r lie s t  
point a t which newly syn thesized , n eu ram in id ase  could be d e tec ted > the 
data on input v iru s  (Section 1, 2A), in which ce lls  w ere  assayed  for NA 
a t ev e ry  half hour following infection, w as re -em p lo y ed . Two tim e 
po in ts from  these experim en ts a r e  recap itu la ted  in T ab le  2 /2  which 
a lso  g ives the values for NA ac tiv ity  a t  2 j and 5 hp i.
T he input data showed that the ec lip se  period  w as com plete at 2 hpi 
and a substan tia l r is e  in to ta l NA ac tiv ity  was ex p re sse d  a t 25 hpi both 
o v er the low value a t 2 hpi (8 .7 -fo ld )  and over the in itia l input activ ity  
assay ed  30 min a fte r  infection (4 .4 - fo ld ) .  T h is ,th e re fo re ,re p re se n te d  
the e a r l ie s t  tim e a t which newly syn thesized  NA could be detected . The 
d istribu tion  of ac tiv ity  at th is tim e w as heavily  in favour of the cytoplasm  
(95%). At the la te r tim e point of 5 hpi no su b stan tia l change was 
observed  in d istribu tion  (91% cy top lasm ic ) though the amount of 
neuram in idase  had Increased  to 400% of its level a t 2 j hpi.
F ig . 2 /1 9 Im m unofluorescence stud ies of NP in 
infected c e lls
( a ) 2 hpl
( b ) 3 hpi
(c) 4  hpi
<d) 5 hpi
( e ) 7 hpi
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2C. The M ovem ent of V ira l Antigens Between C ytoplasm  and Nucleus
A n tise ra  to specific  v ira l  com ponents was p re p a re d  (Kelly and 
D im m ock, 1974) and th e  technique of in d irec t im m unofluorescence used 
to  v isu a lize  v ira l an tigens within c e lls  a t  various tim e s  a fte r  Infection.
(a ) NP antigen
The antigen was ob se rv ed  in the nucleus a t 2 hpi (Fig. 2 /1 9 a ).
About 50% of the c e lls  showed this b rig h t specific  n u clea r fluo rescence  
(a rro w s) w hilst the re m a in d e r  exhibited only lackground lev e ls . At 
3 hpi (F ig . 2 /19b ) the n u c lea r f lu o rescen ce  w as m uch b rig h te r  and in 
o v er 90% of the c e l ls .  One hour la te r  (F ig . 2 /1 9 c )  the cy toplasm ic 
leve l of fluo rescence had in c re ase d . In som e n u c le i a bright annulus 
of f lu o rescen ce  was ob se rv ed  p e r ip h e ra l to the nucle i (arrow ) and 
within the nucleus the leve l of f lu o rescen ceseem ed  to be low er. By 
5 hpi the level of NP antigen in the cy top lasm  had inc reased  fu rth e r  
(F ig . 2 /19d ) w hilst by 7 hpi (F ig . 2 /1 9 e ) the w hole ce ll was f lu o r ­
esc ing  som etim es with a concentration  around the p e rip h e ry  (a rro w ), 
and the nucleus could n o t often be d istinguished  fro m  the cy top lasm  by 
its  f lu o re scen t in tensity .
T h ese  re s u lts  show  tha t NP antigen accum ulated  in the nucleus of 
infected c e lls  a t  2-3 h p i. Between 4 and 5 hpi the cy toplasm ic level 
in c re ase d  which m ay re su lt .f ro m  fu r th e r  sy n th e s is  of NP o r from  p r e ­
ex isting  antigen in the nucleus m ig ra tin g  back into the cy toplasm  as 
evidenced by the p e r ip h e ra l sta in ing  of som e n u c le i. By 7 hpi the 
antigen ap peared  to be p re se n t in the whole c e ll  w ith a concentration  
a t  the c e ll  p e rip h e ry .
(b) NA antigen
At 1 hpi the c e lls  g en e ra lly  exhibited  background fluo rescence  though 
tiny specks of f lu o re sc en ce  w ere often observed  In the cy toplasm  of the 
c e lls  (arrow  F ig . 2 /2 0 a).N o n e  w ere  p re se n t in the nucleus. At 1^ hpi 
(F ig . 2 /20b) th e re  was a sm a ll in c re a se  in cy top lasm ic f lu o re sc en ce  
which appeared  to be sp read  d iffusely (w hilst the o v era ll level of the
nucleus was low er. Within the nucleus, how ever, b rig h t specks of 
f lu o rescen ce  could be seen, and the nucleus was su rro u n d ed  by a ring  
of b righ tness (a rro w ). Half an hour la te r , th is  p e r in u c le a r  ring  of 
fluorescence w as plainly v isib le  (F ig . 2 /2 0 c ) though the lev e l of stain 
in cytoplasm  and nucleus appeared  equal. At 2^ hpi the NA antigen 
was concentra ted  within the nucleus which flu o resced  in tense ly  (arrow  
F ig . 2 /2 0 d ). About 70-80% of the c e lls  exhibited th is  n u c lea r  f lu o r­
escence. At 5 hpi fluo rescence levels w ere  m uch h ig h e r and m ost 
ce lls  fluo resced  with equal in tensity  in the cy top lasm  and nucleus.
T his re s u lt  showed s im ila r it ie s  with the ap p earan ce  and m ovem ent 
of NP antigen and although the se ru m  had been ex tensively  absorbed 
to rem ove any NP antigen , a check on its sp ec ific ity  w as p e rfo rm ed .
A p a ra lle l experim en t was se t up in which c e lls  w ere  infected with FP/BEL 
(Havl .N I ) and FP/R  (Hav1 .N eq1) . At no tim e up to 4 hpi was 
fluo rescen t antigen observed in the nucleus of F P/B E L  infected  ce lls  
though it appeared  in FP/R  infected c e lls  a t 2-2^  h p i. When FP/BEL 
infected c e lls  w ere  subjected to an ti-N P  se ru m , the c h a ra c te r is t ic  
nuclear fluo rescence pattern  of NP was produced from  3 hp i. Thus 
the anti-NA se ru m  did not contain contam inating  an ti-N P  antibodies 
o r o ther antibodies reac tin g  with common antigens such a s  M o r possib ly  
P p ro te ins,and  the nuclear accum ulation of NA antigen w as a genuine
event.
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3. Extracellular The C harac teriza tion  of V ira l Components
R eleased into the T is s u e  C ulture F lu ids from  Infected Cells
T h ese  stud ies w ere  c a r r ie d  out in o rd e r  to gain a g re a te r  u n d e r ­
standing of the ro le s  of influenza v iru s  p ro te in s  and, in p a r t i c u la r  
the m ovem ent within the c e ll  of p ro te in s  destined to becom e incorporated  
into infectious v iru s . It w as of p a r tic u la r  in te re s t to d eterm ine w hether 
the observed  reduction  in nuclea r M and NP and the concom itant in c rease  
in th e ir  tis su e  cu ltu re  fluid concentra tion  in late s ta g es  of the v iru s grow th eye I - 
(as seen in p a r t  2 . A ) re p re se n te d  th e ir  incorporation  into v irio n s.
3 .A Infectious V irus Production
The ti t re  o f v iru s  re le a se d  from  cu ltu re s  of CEF c e lls  infected for 
15 min a t 20°  was m e a su re d  a t hourly  in te rv a ls  by plaque assay  in the 
no rm al way. H ow ever, in o rd e r  to study genuine , newly synthesized 
v irio n s , a ll the c u ltu re s  w ere w ashed a f te r  infection with PBS a t pH 3, 
a p ro ced u re  which in ac tiv a te s  v iru s  which has not p en e tra ted  into the 
ce ll (Stephenson et a l . . in p r e s s ) ,  and rem oves som e com ponents of 
the input v irion  (see Section 1 .2 .B ) . In addition , a f te r  rem oval of the 
m edium  for each tim e point, the c e ll  m onolayer was sc rap ed  and 
sonicated  and the sa m p le  titra te d  fo r  infectious v iru s  in the sam e way.
The re su lts  of these ex p e rim en ts  a r e  illu s tra te d  in F ig . 2 /21 .
g
A fter an input of 30 P F U /ce ll, that is a to ta l input of 3 x 10 PFU / 
cu ltu re , le ss  than 40 P F U /c u ltu re  w ere  detected  a f te r  acid washing.
Assum ing a 25% up take of v iru s (see  Section 1 .2 .B .b ) ,  th is  re p re se n ts  
a rem a rk a b le  5 x 10^ fold reduction in infectious v iru s  outside the c e ll.
About 105 PFU of v iru s  w ere de tec tab le  within the c e ll  a t the end of the 
15 min infection , le s s  than 1% of the expected up take. Presum ably then, 
much of the abso rbed  v iru s  is a lre ad y  uncoated and thus no longer 
infectious by this tim e ; o therw ise  the a s sa y  is not m easuring  individual 
infectious v iru s  p a r t ic le s  but ra th e r  agg regates of v ira l com ponents 
adhering  to c e ll  d e b r is  form ed on son ication . T h ese  can subsequently 
g ive r is e  to plaques , perhaps in a s im ila r  way to that for defective virions 
proposed by H irs t and Pons (1973).
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CeI I-associa+ed infections virus first fell 30-fold and then 
rose rapidly 1000-fold between 2 and 3| hpi post-infect ion. This 
rapid rise was followed by a more modest rate of increase to 12 
hpi of a further 50-fold. The Infections virus recorded in the 
medium rose sharply from 3i to 7 hpi, increasing 4 log^ units 
in this period, it levelled off at 9-10 hpi at a final value of 
5 x 10^ PFU/culture.
Of course, the gradient of this diagram represents the 
acceleration of the rate of virus production. Between 2 and 
3i hpi the first 10 million virus are produced whilst, from 3j 
to 12 hpi, a further 500 million appeared. Thus, for example, 
the amount of virus produced per hour is 30 times greater at 
10 hpi than at 3j hpi.
The early fall in cell associated virus reflects continuing 
uncoating and separation of input virus components (analagous to 
the eclipse period in bacteriophage multiplication) but the sharp 
rise subsequently is surprising since it almost completely precedes 
the increase in virus titre in the medium. Thus at 3i hpi, whilst 
the cell associated PFU was 4 x 10^, that of the medium is only 
5 x 10 . This suggests either that the virus is completely 
assembled at least 30-60 min before release and perhaps remains 
attached to the plasma membrane, or that again the cell associated 
assay is recording aggregates of viral components and not complete 
infectious virus progeny, though subviral particles have a very 
low infectivity.
3.B '* An Analysis of Tissue Culture Fluids from Uninfected and
Infected Cells
(a) Fractionation procedure
In preliminary experiments to separate virions and substructures. 
I?HJ-uridine labelled FP/BEl was disrupted by a variety of 
treatments to yield RNP structures. The resulting samples were 
diluted between 10- and 50-fold, mixed with an excess of purified 
unlabel led virus at 4° and immediately layered on to a 10-45? 
sucrose gradient and centrifuged. Fig. 2/22a shows the profile of 
a gradient containing virus disrupted with I ? NP 40, whilst in 
Fig. 2/22b a mixture of 1.25? sodium deoxycholate and 2.5? NP 40 
was used, in both cases whole virus was found in a peak at 
fraction 13 from the radiolabel led sample co-running with the 
haemaggIutInin marker of the purified virus. Occasionally another 
peak was observed which ran in front of the virus peak (Fig. 2/22a, 
fractions 9 and 10). This was thought to be a virus aggregate caused
F ig , 2/23 T y p ic a l su c ro se  gradient p ro files of tis su e  cu ltu re  f l u i d s  
fro m  infected labelled c e lls .
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F ig . 2 .24 V iru s  p ro te in s p re se n t in the m edium  from  
infected  c e l l s .
35Infected ce lls  w e re  pulsed  for 30 m in a t 2 .5  hp iw ith  [ S] 
m ethionine and the m edium  was co llec ted  a t each h o u rf being 
rep laced  by f re sh  m edium . T he aliquo ts of tis su e  cu ltu re  flu ids 
w ere p ro cessed  fo r  10% phosphate PAGE.
C and N re s p re s e n t  the cy top lasm ic and n u clea r fra c tio n s  of the 
cu ltu re  a fte r 12  hpi a th a lf  th e h ce  of the aliquo ts of m ed ium .
X is the host protein act in.

I M M I
2 '42
-ho
in
time ( hpi )
F ig . 2/25 Content o fT C F  from  infected  c e lls  between 3 and 12 hpl.
35Infected c e lls  w ere pulsed  w ith  [ ‘ SI m ethionine fo r 30 min 
a t 2 .5  hp i. C ulture flu ids w e re  harv ested  each  hour and 
rep laced  with fre sh  m ed ium .
The sam p les  w ere ana lyzedon  su c ro se  g rad ie n ts  into •  f re e t 
□ S V P 's# and o v iru s  t p rec ip ita ted  out and the ra d io ­
ac tiv ity  m easu red .
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F ig . 2 /25  Content ofTC F from  infected c e l ls  between 3 and 12 hpi.
35Infected ce lls  w ere pulsed w ith [ ' S] m ethionine for 30 min 
a t 2 .5  hpi. C ulture fluids w ere  h a rv es ted  each  hour and 
rep laced  with fre sh  m edium .
T h e sam ples w ere  analyzed on su c ro se  g ra d ie n ts  into •  f re e > 
□  SV P's> and o v iru s ( p rec ip ita ted  out and the ra d io ­
ac tiv ity  m easu red .
the de terg en t tr e a tm e n t. C ytochrom e c and o th e r f re e  p ro te in s  w ere
never observed  below  the top two f ra c tio n s . Between the virus and free prote
accumu latiops . . .  . . ./th e re  can be se en  a sm a ll peak , so m etim es no m ore  than a shou lder,
in the ra d io a c tiv e  p ro file . T h is  was thought to  be a subvirion  p a r t ic le
(SVP) contain ing  RNA.
CEF c e lls  w e re  infected and incubated fo r 2 j  h . T h ese  w ere  then 
35pulsed fo r  30 m in with [ S ]-m eth ion ine and subsequently  chased  in
growth m edium  w ith added cold m ethionine but lacking c a lf  s e ru m . At
each hour the m edium  was rem oved  and replaced with a f re d i a liquo t.
Each of the a liq u o ts  co llec ted  w as divided,and half was tre a te d  with
ethanol to p re c ip ita te  the p ro te in s  whilst the o ther half w as cen trifuged  on
the su c ro se  g ra d ie n ts  as d esc rib ed  above. F ig . 2/23 shows a typ ical 
35p ro file  of the [ S] content o f the m edium  a f te r  cen trifugation  on a 
su c ro se  g ra d ie n t  together with the m a rk e r  v iru s  haem agglutinin .
Sections of the  g rad ie n t w ere  pooled a s  indicated to g ive the th re e  
fra c tio n s .
(b) A nalysis o f tissu e  cu ltu re  fluids for to ta l p rotein  content
F ig . 2 /24  show s the to ta l p ro te in s  p rec ip ita ted  from  the m edium
35a t each hour a f te r  the pu lse  of [ S] m eth ion ine. T he m a jo rity  o f the 
labelled p ro te in  re le a se d  was v ira l ,  though som e host p ro te in  X (acf in) and 
high m o le cu la r  weight ( > 60 k d a lto n s) ho st p ro te in s  w ere  p re se n t.
NP and M in c re a se d  in itia lly , then showed a tra n s ie n t d e c re a se  and 
subsequently  in c re ase d  aga in . HA2 ap peared  a t a l l  tim es up to  9 hpi 
but in only t r a c e  am ounts th e re a f te r .  How ever, the p ic tu re  is confused 
by the lack o f separation  between v ir io n s , sub  virion p a r tic le s  and 
fre e  p ro te in s .
F ig . 2 /2 5  il lu s tra te s  the p ro file s  of to ta l counts in co rpo ra ted  into 
v irio n s , SVP’s  and fre e  p ro te in s . Labelled v irions w ere  found a t 5 -7  
hpi and 9-11 h p i, w hereas f re e  pro tein  and SVP's in c re ase d  a t 
around 9-11 hp i only. Both the f re e  pro tein  and SVP’s a r e  p re se n t a t 
a high level in the f ir s t  hour a f te r  syn thesis  and subsequently  dec line .
They do no t show  any peak coinciden t with the r e le a se  of v irio n s  at 
5-7 hp i. It should  be noted that the r e le a s e  of f re e  p ro te in  , a s  denoted 
by the r ig h t hand ax is , is about five-fo ld  g re a te r  than that of labelled 
protein in v ir io n s  (left hand a x is ) .
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F ig . 2/26 A ppearance of p re la b e ls  in the tis su e  cu ltu re  fluids of infected 
and uninfected c e l ls .  M ethod: se e  F ig . 2 /2 5 .
(a )(b ): |/*H 1 thym idine (c) L ’^S] m ethionine
(a) to ta l co u n tsa s  ,r'o f  to ta l in co rp o ra ted : o  infected; • u n in fe c te d .
(b) counts p rec ip ita ted  by low speed ce n tr ifu g a tio n : o infected # u n ln fec te i 
(c ) O to ta lco u n ts  a s  9cof to ta l inco rpo rated ; •  counts p rec ip ita ted  cy low
speed cen trifugation .
T his biphasic re le a se  of v iru s  containing labelled pro tein  syn thesized  
between 2^ and 3 hpi suggested that (1) a second  cycle of v iru s 
production was occu rring  within the ce lls  w hich produced the f i r s t  batch 
and was u tiliz ing  p re -ex is tin g  v iru s  p ro te in s  o r  (ii)  the o rig in a l 
infected ce lls  w ere re leasin g  fu rth e r v iru s  w hich had becom e absorbed  
to th e ir  p lasm a m em branes and en tered  the m edium  as the re su lt  of 
cytopathic effec ts .
( c ) An investigation  of the cvtopathic e ffec ts  in infected c e ll j  by 
ana lysis  of tis su e  cu ltu re  fluids
A study into the condition of the ce lls  d u ring  Infection was made to 
investigate w hether cytopathic effects m ight account for the observed 
d a ta .
3 35Cytopathic E ffe c ts : P relabelling  ce lls  with \ H I-thym idine o r [ S~|- *3
m ethionine
3
C ells w ere  p re lab e lled  fo r 15 h with [ H ]-thym id ine. One se t of 
cu ltu res  was mock infected, the o ther in fected  and mock pulsed  a t the 
ap p ro p ria te  tim e . At each hour the m edium  was changed and ra d io ­
ac tiv ity  w as m easu red  before cen trifugation  and in the supernatan t 
a f te r  cen trifug ing  fo r 1000 g fo r 5 min (which is sufficien t to pelle t
whole ce lls  and n u c le i) . The data a r e  p re se n ted  in F ig . 2 /26 . The 
•* 3g raphs p lo t the [ H ]-thym idine counts re le a s e d  a t each hour in infected  
and mock pu lsed , and mock infected and m ock pulsed c e lls  as a 
percen tage of the to ta l reco v ered  counts in the tis su e  cu ltu re  flu ids, and  
the re s id u a l ce ll m onolayer a t the end of tie infection period  (Fig. 2 /2 6 a , b ) .
3
G enerally , the levels of [ H ]-thym idine re le a se d  in uninfected c e lls  w e re
slightly  lower than those in infected c u l tu re s .  T here  w ere  two peaks o f
re le a se  in both infected and uninfected c u l tu re s , between 7 and 8^ hpi
and between 10 and 11 hpi, suggesting so m e non-v irus specific e ffec ts
of se rum  sta rva tion  o r of the handling of th e  cu ltu re s . However, th o se
effects w ere exacerbated  by infection which increased the p rec ip itab le
35counts by 175% (F ig . 2 /2 6 b ). C ells p re la b e lled  with [ S ]-m eth ion ine , 
infected and mock pulsed, showed a s im ila r  d istribu tion  (F ig . 2 /2 6 c ) .
Cytopathic E ffe c ts : A nalysis of tis su e  c u ltu re  fluids by C oulter counting 
A liquots o f tis su e  cu ltu re  fluids w ere  ana ly sed  with a C oulter 
co u n ter. T h e re  w ere  insignificant coun ts in the ran g e  of la rge  c e llu la r  
d eb ris  and w hole c e lls , but d eb ris  of up to  10 |im  w as detec ted . Size 
was e s tim a ted  by co rre la tion  with latex beads of known d ia m e te r . A 
com parison  o f  the d eb ris  re le a se d  from  infected and uninfected c u ltu re s  
(F ig . 2 /2 7 ) showed that the r e le a se  fro m  infected cu ltu re s  v a rie d  between 
60 and 220% g r e a te r  than that of un in fec ted  c e l ls .  The r e le a se  w as low 
a t f i r s t  and exhibited  the g re a te s t  d iffe ren ce  between infected and 
uninfected c e lls  at 7 -8  hpi.
Cytopathic E ffe c ts : T h e appearance  of h o s t p ro te in  'X ' in the tis su e
cu ltu re  fluids from  infected ce lls
A h o st p ro te in  com m only p re se n t in infected c e ll  ex tra c ts  (MW,
45 OOOdaltons) labelled X (Skehel, 1972) and thought to be actin, 
wa’s observed  in th e  f re e
/p ro te in s  re le a s e d  from  infected c e lls .  T h e  am ount of th is p ro tein  
re le a se d  f ro m  infected c e lls  is p lo tted  in F ig . 2 /2 8 . T h e re  w as a 
sm a ll peak a t  3-4  hpl and a t 6 -7  hpi, an d  a m uch la rg e r  one at 8-9 
hpi, and le v e ls  rem ain  s im ila rly  high to  the end of the period . A to ta l 
o f2 9 % o f a c t in  (X)was re le a se d .
Cytopathic E ffe c ts : The r e le a s e  of v iru s  n o n s tru c tu ra l p ro te in  (NSI) into 
the tis su e  cu ltu re  fluids
T he r e le a s e  of NSI dropped from  a high level in the f i r s t  hou r of 
chase  to r i s e  again to a peak a t 7 -8  h p i , a f te r  which it was re le a se d  
a t about 5% /h for the r e s t  of the c h a se  p e r io d . 42% of NSI was re le a se d  
in a l l .
Cytopathic E ffe c ts : A com parison of the re le a s e  of 'v ira l ' w ith that of 
'h o st c e ll ' com ponents
T h e re  w as a sm a ll r i s e  in p e lle tab le  host p ro te in  a t 3 -4  hpi a f te r  
the mock p u lse  and a high level of re le a s e d  thym idine counts of which 
very  few w e re  p e lle tab le . T h is did n o t co rrespond  in sc a le  to the la rg e  
output of f r e e  v iru s  p ro te in s  o bse rved  in F ig . 2 /25 . T h ere  w as very  
little  p e lle tab le  thym idine o r  host p ro te in  re le a se d  at the tim e of the
F ig . 2 /27  A ppearance of c e ll d eb ris  in tis su e  cu ltu re  fluids from  
infected and uninfected c e l ls .
Method: see  F ig . 2 /25 .
O  infected cells 
•  uninfected cells
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F ig . 2/29 M ajor concen tra tions of v ira la n d  ce llu la r  com ponents re le a se d  
In toT C F .
( a ) v i r io n s ;  (b) f re e  v ira l p ro te in s and SV P's;
(c ) p rec lp itab le  p re lab e l thym idine; (d) p re c ip ita te d  p re lab e l
m ethionine; (e) host p rotein  X; ( f )v lru s  induced d e b r is ;
( a c t i n )
<g) NS I.
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F ig . 2/29 M ajor co n cen tra tio n s of v lra la n d  ce llu la r  com ponents re le a se d  
In toT C F .
(a) v ir io n s ; (b ) f re e  v ira l p ro te in s  and SVP's;
(c ) p rec ip ita b le  p re label thym idine; (d ) p rec ip ita ted  p re labe l
m eth ion ine; (e) host p ro te in  X; ( f )v iru s  induced d e b r is ;
( a c t i  n)
<g) NSI.
time ( hpi )
1 3 5 7 9 11
PHASE
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f i r s t  virion  peak at 5-6 hpi (com pare  F ig . 2 /25  with F ig . 2 /26b, c ) ,  
w hilst no c o rre la tio n  w as observed  between the f i r s t  peak of thym idine 
r e le a se  a t 7 -8 j  hpi and r e le a se  of virion com ponents. H ow ever, 
thym idine and NSI w ere  re le a se d  a t  the sam e tim e . T he second peak 
of p elle tab le  thym idine and m ethionine from  infected and mock pu lsed  
ce lls  a t 10-11 hpi overlapped the second peak containing v ir io n s , SVP's 
and fre e  v ira l p ro te in  a t 9-11 hp i.
The data from  C oulter counting show a la rg e  in c re a se  of 218% over 
the uninfected cu ltu re  of v iru s-in d u ced  d e b r is  a t 7 -8  hpi which co incides 
with the f i r s t  of the re le a se d  thym idine peaks,bu t th e re  is little  v iru s  
induced d eb ris  a t  the la te r  peak (F ig . 2/27)..
Host p ro te in  X is re le a se d  from  infected c e lls  a t a high level from  
8 hpi onw ards, and thus c o r re la te s  with the in c reased  r e le a s e  of a ll host 
com ponents a t la te  stages in the infection (Fig. 2/28).
At th is point, it m ay be helpfu l to su m m arize  the r e le a s e  of v ira l 
and c e llu la r  com ponents into the tis su e  cu ltu re  flu ids. T h is  is i llu s tra te d  
in F ig . 2/29 in which a r e  re c o rd e d  the m a jo r  concen tra tions of com ponents 
investigated . S ev era l phases can  be d istingu ished .
1. Between 3 and 4 hpi th e re  is  a co n s id erab le  r e le a se  of v ira l  com ponents 
which is not accom panied by any s ign ifican t r e le a s e  of ho st com ponents 
except a sm a ll peak of host p ro te in  X ( a c t i n ) .
2. Between 5 and 7 hpi the f i r s t  of tw om ajor r e le a s e s  of labelled  v irions 
o ccu rred  again with no accom panying ho st p ro d u c ts .
3 . F rom  7 to 9 h p i th e re  w as a r e le a s e  of about 6%  of to ta l p re la b e l
3 35[ H ]-thym id ine, and [ S ]-m eth ion ine  wh ich can be pelleted at I000 g, about 
7%  of labelled X and a peak of v iru s-in d u ce d  d eb ris  , but no s ign ifican t 
concentration  of any virion  com ponent, although NSI was re le a se d .
4. F rom  9 to 11 hpi th e re  w as a fu rth e r  re le a s e  of v ir io n s , a peak of
SVP and f re e  v ir a l  p ro te in s . A lso re le a se d  w ere  a fu rth e r  10% of to ta l
3
p re - la b e l [ H ]-thym id ine of which 6%  w as in a fo rm  p e lle tab le  a t 1000 g .
Host p rotein  w as re le a se d  which co n sis ted  of X, a t leas t in p a r t ,  and the 
levels of re le a se d  NSI w ere  about 5%/h.
t< \ ir* V**
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F ig . 2/30 The appearance of v ira l p ro teins in the T C I-from  Infected c e lls . 
Method: see  F ig . 2 /2 8 . o v iru s ; • f r e e ;  □ SVP.
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F ig . 2/31 M etrizam ide ana ly sis  of the d is trib u tio n  of NP in 
s tru c tu re s  in the TC F of infected c e l l s .
35
C ells  w ere  pulsed a t 2 j  h p ifo r 30 m in with [ S ]-
m ethionine and chased  to  7 h p i. T he t is s u e  cu ltu re  
fluids w ere  rem oved and analyzed on M etrizam ide 
to produce frac tions which w ere p re p a re d  fo r PAGE 
on a ^0% phosphate g e l.
(d ) T he d istribu tion  of v i r a l  p ro te in s  between v ir io n s . SVP's and in 
the soluble fraction
The ana ly sis  of the d is tr ib u tio n  of the v ira l  p ro te in s  between the 
th ree  frac tions is shown in F ig . 2 /3 0 . Both HA2 and NP labelled  
between 2 j and 3 hpi a p p e a r  in v irions in s tead ily  in c reasin g  am ounts 
up to a peak a t 5-7 hpi (F ig . 2/30NP, HA2)but fo r d iffe ren t re a so n s .T h e  
delay l i  incorporation  of NP into v irions m ay be due to its ro le  in 
form ing RNP s tru c tu re s  w ith  the v ir a l  RNA's w hilst the haem agglutinin 
m ust be c leav ed fro m  th e  HA p re c u rs o r .  C o n tra s t the behaviour of 
these p ro te in s  with tha t o f  m a tr ix  protein  (F ig . 2/30M ) which appeared  
in re la tiv e ly  constan t am oun ts  in the v irions in sam p les  from  3 -7  hpi.
Thus th is p ro tein  se em s to  be incorporated  d ire c tly  into the v ir io n . It 
is noticeable that the p o o l of HA2 was com pletely  u tilized  in the f i r s t  
peak of v iru s  production and th e re  was lit tle  e x tra  re le a se d  in the second 
b u rs t a t 9-10 hpi( w h ils t both M and NP w ere  p re se n t a t  9-10 hpi a t 
about half th e ir  co n cen tra tio n  in the f i r s t  peak of v iru s  re le a s e .
It is su rp ris in g  th a t, of the v ira l p ro te in s  reso lv e d , only NP was 
found fre e  (F ig . 2/30N l)and m ost of th is  ap peared  in the f i r s t  hour 
a f te r  syn thesis  and as  a  r a th e r  d iffuse peak o v er the la s t 3 h of incubation. 
T ra c e s  of M could be o b se rv e d  a t 9-11 hpi and a lso  a t 6 -7  hpi, but no 
fre e  HA2 and only t r a c e s  of NS1 , too sm a ll to quantify, w ere  re le a se d .
T h e re  w ere  d if fe re n c e s  in the d istribu tion  of the p ro te in s in the 
SVP and in the o ther f ra c tio n s .  M and HA2 w ere reso lved  (albeit a t a 
low lev e l) together w ith  tra c e s  of NS1 and a la rg e  am ount of NP in a 
peak a t 8-10 hp i. T h e re  was no peak of any labelled  v ira l p ro te in  in 
the SVP fraction  a t the tim e  when the f i r s t  r e le a s e  of v iru s  o ccu rred  
a t 5-7  hpi.
In an attem pt to f u r th e r  c h a ra c te r iz e  the n a tu re  of the s tru c tu re  
in which v ira l p ro te in s  w ere  re le a se d  into the m e d iu m , the m edium  
from  ce lls  pulsed betw een 2 j-3  hpi and chased  to 7 hpi was layered  on 
to 37% M etrizam ide an d  cen trifuged  to eq u ilib riu m . Due to poor 
labelling, only NP w as c le a r ly  observed  and the d istribu tion  of th is 
a c ro ss  the g rad ien t is i l lu s tra te d  in F ig . 2 /3 1 . T he m a jo rity  of NP
p re se n t ap p e a rs  a t  the density  of f re e  pro tein  (1.325 g /m l)  in ag reem ent 
with the p rev ious data , and th e re  is no indication of the p re se n ce  of RNP 
s tru c tu re s  (at 1 .255 g /m l ) .  H owever, a sm a ll peak of NP w as observed 
a t the density  of v irions (1.23 g /m l ) .
4. DISCUSSION
In this section I have c le a rly  d em o n stra ted  the m igration  of NP out 
of the nucleus by two d iffe ren t m ethods, and have co rre la te d  th is with 
the m ovem ent of NP an tigen . I have shown tha t m a tr ix  pro tein  
accum ulates in the nucleus toge ther with NP and NSI, and a lso  m oves 
out again w h ils t NSI rem a in s  predom inantly  n u c lea r. I have shown a 
bim odal d is trib u tio n  of v ira l p ro te in s , syn thesized  e a r ly  in infection 
in re le a se d  v irio n s and a s se ss e d  the contribution  of cytopathic effects 
to th is  phenom enon. I have dem o n stra ted  the re le a se  of f re e  v ira l 
NP sho rtly  a f te r  syn thesis .T hese  r e s u lts  show that M is incorporated  
into v irions im m ediate ly  a f te r  sy n th es is ,w h ils t the re  is a slow build-up 
of NP and HA2 incorporation  confirm ing the observa tions of Hay (1974).
4. A T em p o ra l E xpression  of V ira l P ro te in s a t 37°
F P /R o sto ck  infected CEF ce lls  exhibited  a tem p o ra l exp ression  of 
v iru s  p ro te in  syn thesis  a t 37° in ag reem en t with Skehel (1972). Ps,
NP and NSI w ere  detec tab le  by p u lse -lab e llin g  a t 1 j  hpi, w hilst M 
appeared  30 to 60 m in la te r  and HA2 ap peared  a t 3 j  hp i. NA could 
be detected  by its  ac tiv ity  a t 2 -2\ hpi and w as observed  by im m uno­
flu o rescen ce  techniques a t  2 hpi. T h is d ivision of e a r ly  (Ps, NP, NSI) 
and late (M, HA, NA ) p ro te in s  co rre sp o n d s  to the two g roups of 
p ro te in s  whose syn thesis  w as d istinguished  by d iffe ren t c la s se s  of 
drugs (M inor and Dimmock, 197 5 ,1 9 7 7 ). It is a lso  s im ila r  to the 
division of v ir a l  p ro te in s  accord ing  to th e ir  s ite  of sy n th esis  on fre e  
o r  m em brane bound ribosom es (McGeoch e t a l . . 1976).
However, M e ie r-E w e rt and Com pans (1974) have d esc rib ed  a 
co n stan t r a te  of syn thesis fo r a l l  detec tab le  v ira l p ro te in s  in a WSN 
infected BHK c e ll  sy stem  except th a t the syn thesis  of M in c reased  at
la te r  t im e s . Lam b and Choppin (Lam b, R .A . and Choppin, P .W . at 
N egative S trand V iru s Sym posium , C am bridge, 1977) found the 
sy n th esis  of M detec tab le at j  hpi in WSN infected BHK c e l l s , and 
could find no d iffe rences in the ra te  of sy n th e s is  of any p ro te in s  
throughout the infection p erio d . T h ese  au th o rs  do find a d iffe ren t 
sequence of p ro te in  syn thesis  in d iffe ren t h o st c e lls , an d  it ap p ears  
that the varia tion  m ay depend on the concentra tion  of a ho st p ro tein  
as  d esc rib ed  in the in troduction .
4.B  Growth of V iru s a t 31°
At 31°, the co u rse  of v ir a l  p ro te in  sy n th e s is  and, in p a r tic u la r ,  the
change from  ex cess  NSI to p redom inan tly  M sy n th esis  between 4 and 6
hpi, con firm s the observa tions of Skehel (1973). H ow ever, in co n tra s t
to Skehel, I found that m oi 10 o r  g r e a te r  w as e s s e n tia l  fo r th is  tim e
c o u rse . The infection of c e lls  w ith low moi a t 4° and subsequent
incubation a t 31° led to u n re lia b le  v iru s  g row th . Incorporation  of 
35[ S ]-m eth ion ine  into v ira l  polypeptides w as so m e tim es  not observed  
for 6 h . Although the o cc u rre n ce  o f C EF c e lls  w hich a r e  r e s is ta n t  to 
attachm ent and penetration  h as been d esc rib ed  (Stephenson e t a l . . In 
p r e s s )  this does not com pletely  explain the varia tion  s in c e , on w arm ing 
to 31°, rfie inhibition of pene tra tion  should be o v e rc o m e . Perhaps the 
v iru s  in fectiv ity  becom es inactivated  quickly if it canno t p en e tra te  as 
has been docum ented fo r p o lio v iru s  (Joklik and D a rn e ll, 1961) in which 
a non-infectious p a r tic le  lacking VP4 is elu ted  in the c o u rse  of a no rm al 
in fection . T he degree  of th is elution depends in p a r t  on the physical 
s ta te  of the c e ll .  If th is  is  a lso  tru e  for influenza, it m ight explain the 
v a ria b ility  of the 4° infection ex p e rim en ts .
4 .C  C om parison of 31° and 37° Growth C ycles
A com parison  of the tim esc a le  of infection a t 31° with 37° shows 
tha t the appearance of in tra c e llu la r  HA ac tiv ity  is delayed  about 1 h, 
and the peak of Infectious v iru s  production is  less and  2 h la te r .  NP 
antigen ap p ears  a t about 4 -5  hp i, 2 h la te r  than a t 37*'. H owever, only
about 5% of the c e lls  a t  31° showed an inc rease  in cy top lasm ic NP 
levels a f te r  a fu rth e r  2 h w hilst the m ajo rity  showed th is  5-9 h la te r 
than a t 37°. Possibly the sm a ll population of ce lls  w hich show the 
NP antigen accum ulating  again in the cytoplasm  a t 7 -8  hpi m aybe the 
c e lls  producing infectious v iru s .
4. D N uclear Accum ulation of V ira l P roteins
NP( M and NSI p ro te in s  w ere observed  in the nucleus by p u lse ­
labelling and NP antigen in the nucleus by im m unofluorescence. 
R adiolabelled  HA2 w as always found in the cy top lasm . NA activ ity  
was found in the cy top lasm  but NA antigen was found f i r s t  in a p e r i ­
nuclea r then a n u c lea r location. NP antigen has been located in the 
nucleus (B reitenfeld and Schafer, 1957; Maeno and K ilbourne, 1970;
Kelly and D im m ock, 1974) and a n o n -s tru c tu ra l a n tig en ,believed to 
be NSI, was rep o rted  to be concentra ted  in the nucleo lu s (Dimmock, 
1969). By p u lse -lab e llin g , various w orkers have located  NP and NSI 
in the n u c lea r fraction  (Taylor et a l . . 1969, 1970; L azarow itz e t a l . . 
1971, K rug and E tkind, 1973; K rug and Soeiro, 1975).
T ay lo r e t a l . (1969, 1970) found VP3, which they thought to be 
m a tr ix  p ro te in , in the nucleus, but Lazarow itz e t a l . (1971) r e in te r ­
p re ted  th is  a s  being the n o n -s tru c tu ra l protein which is very  s im ila r  
in s iz e  to M , as they did not find M in the nucleus in th e ir  s tu d ies . 
How ever, L azarow itz e t a l . found very  little  M in w hole ce lls  a t the 
tim e chosen , and hence it is doubtful w hether it w ould be reso lved  in 
the n u clea r fra c tio n . S im ilar p rob lem s and the d ifficu lty  of reso lv ing  
M from  NSI m ay account fo r the fa ilu re  of Krug and cow orkers (Krug 
and E tkind, 1973; K rug and Soeiro, 1975) to de tec t M in the nucleus.
A lte rna tive ly , the Im m unological stud ies of O xford and Schild (1975) 
in which they detected  M antigen in the nuclei of so m e  ce lls  and always 
with accom panying cytoplasm ic fluo rescence , m ay suggest that the 
nuclea r appearance  of M is  a variab le  phenom enon. The an tise ru m  of 
Oxford and Schild w as p repared  aga inst S D S -treated  m a tr ix  p ro te in , 
how ever, and m ay not have antibodies to a ll native M antigenic
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d e te rm in an ts . In c o n tra s t ,  G rego riades (1973) using  an acid ified  
ch lo ro fo rm  m ethanol ex trac tion , located M in the nucleus. Though 
she recen tly  claim ed th a t th is m ethod ex tra c te d  both M and NSI 
(G regoriades, A. a t N egative S trand V iru s  Sym posium  C am bridge, 1977) , 
in our hands, using a g e l  sy stem  w hich c le a rly  d istinguished  M and NSI 
the m ethod is specific  fo r M (data not p re s e n te d ) . The work of Hay 
and Skehel (1975) a lso  showed that m a tr ix  p ro te in , syn thesized  at 
5 hpi in CEF c e lls , accum ulated  in the nucleus with NP and NSI.
T h ere  was ap p a ren t d isco rd  between the im m unological data which 
show nuclea r f lu o re sc en ce  and assay s  of NA ac tiv ity  in cy top lasm ic and 
nuclear fractions w hich indicate that 90-95% of the newly syn thesized  
ac tiv ity  is cy to p lasm ic . W hilst th e re  is som e ju stifica tio n  fo r 
suggesting that an tigen ic  d iffe rences m ight e x is t between the native 
protein and a labelled SD S-disrupted p ro te in  on PAGE, the NA antigen 
and ac tive  NA enzym e m ust be very  s im ila r .  Although it is possib le  
to envisage ac tiv ity  w ithout an tigen ic ity  and vice v e r s a , due to the 
se p a ra te  antigenic and enzym ic s ite s  of the m olecu le, it does seem  
unlikely that the 5-10%  of ac tiv ity  in the nucleus is the only enzym e in 
antigenic con figuration . The appearance  of NA fluo rescence  p e r ip h e ra l 
to the nucleus has been describ ed  in p rev ious im m unological stud ies 
(Breitenfeld and S ch afe r, 1957; Maeno and K ilbourne,i970 ; Kelly and 
Dimmock, 1974).
It is possib le  then that the ap p a ren t n u c lea r  f luo rescence  observed  
in our study c o n s is ts  of the cy top lasm  overlay ing  the nucleus and that 
the NA antigen does no t p en e tra te  the n u c lea r m em brane . However, in 
none of the o ther s tu d ie s  has such an observation  been rep o rted  w hilst, 
if th is explanation is  c o r re c t ,  it would be com m only o bserved . Both 
Breitenfeld and S ch afe r (1957) and M aeno and K ilbourne (1970) 
p resen ted  data on w idely  sep ara ted  tim e points in the infection cyc le  and, 
if th e re  was a sequence  of p e r in u c le a r , -n u c lear, -whole ce ll f lu o ro - 
escence , they m igh t have m issed  the n u c lea r phase .
IIf this w ere  so ( the s im p les t explanation of the inconsistencies 
of ou r experim en ts is tha t NA ex is ts  in two fo rm s , both ac tive , tu t  
only one in the antigenic s ta te  exhibited in the v irio n ,ag a in st which 
the an tise ru m  was p re p a re d  T h is  m ight be due to incom plete g ly c o ­
sylation o r a ttachm ent to lipid, but both these p o ss ib ilitie s  would 
seem  to favour antigen being p redom inan t in the cy toplasm  ra th e r  
than v ice v e r s a . T hus it is not reso lv ed  w hether, and if so in what 
fo rm , NA is p re se n t in the nucleus a t 2 -2 j hpi.
T he p e rin u c lea r  r in g  of f lu o rescen ce , which is a common finding 
in a l l  the im m unofluorescence s tu d ie s , m ay sim ply  be due to the 
sy n th esis  of NA on rough ER im m ediate ly  ad jacen t to the nuclei, but 
the conce itra tion  so  c lo se  to the nucleus and its  apo lar n a tu re  
(Breitenfeld and Schafer, 1957; Maeno and K ilbourne, 1970) suggest a 
m o re  specific a s so c ia tio n . M arcus e t  a l . (1965) have dem onstra ted  
the p re se n ce  of s ia lic  acid  re s id u e s  in the n u c lea r  m em brane, and it 
is possib le  that the new ly-synthesized  neu ram in idase  is attached  to 
th e se . If so , lt3 function th e re  is e n tire ly  unknown,
but specu la tive ly  it could be involved In m ediating the 
p assag e  of v ir a l  RNP's out of the nucleus ju s t  a s  the input NA might 
be involved in effecting  the en try  of input vRNP’s .
4 .E .  M ovement of V ira l P roteins out of the N ucleus: NP
! have shown m ovem ent of NP out of the nucleus of infected CEF 
c e lls  by p u lse -c h a se  experim en ts. T h is  could be detected  at 4 j hpi 
and continued un til 11 hpi when 50% of the to ta l rad io labelled  NP had 
m ig ra ted . I have confirm ed th is observation  by chasing in the 
p re se n ce  of cyclohexim ide and under these conditions a g re a te r  
proportion  (80%) of NP moved from  the n u cleu s. T his enhancem ent is 
a ttrib u ted  to cyclohexim ide re in fo rc in g  the cold chase  by stopping 
pro tein  syn thesis  and probably m ore im portan tly  inhibiting fu rth e r  
production of unlabelled  NP which would o therw ise  d ilute the ra d io -  
actlve ly  labelled NP. | have dem onstra ted  by im m unofluorescence 
th a t, in our sy s tem , NP antigen accum ulated  f i r s t  in the
nucleus and then appeared  in the cy top lasm  in in c re a s in g  am ounts, 
som etim es with a concom itant increase  in n u c le a r  f lu o rescen ce .
T his can be in te rp re ted  as  the m ovem ent of the NP antigen from  the 
nucleus which is sim ultaneous with an in c re a se  in the am ount of NP 
moving from  its s ite  of syn thesis  in the cy top lasm  to the nucleus.
The fa ilu re  to obse rve a d e c re a se  in n u c le a r  flu o rescen ce  as a 
re s u lt  of the m igration  of the NP antigen out of the  nucleus m ay be 
caused by the r is in g  am ount of NP syn thesized  in the cytoplasm  moving 
into the nucleus. T he in c re ase  in cy top lasm ic lev e ls  of fluo rescence 
is unlikely to be due to newly syn thesized  NP polypeptides alone since 
the an tise ru m  does not re a c t with denatured  RNP. At late tim es it is 
possib le , how ever, that newly syn thesized  NP m ay  be ren d e red  antigenic 
In the cy top lasm  w ithout re c o u rse  to the n u c leu s .
T h ere  is good co rre la tio n  between the m ovem ent of NP m easured  by 
radiolabelled pro tein  in the p re se n ce  and ab sen ce  of cyclohexim ide . 
Although the u se  of any inh ib ito r of ce ll function is open to the 
c r it ic is m  tha t the n o rm al p ro c e s se s  of the c e ll  a r e  d is to rte d , the 
co rre la tio n  of the native m igration  with that o b se rv ed w ith th e  inhibitor 
and the validation of the ra tio n a le  suggest that th e  cyclohexim ide data 
re p re se n t the n o rm al m igration  . The e ffec ts  o f cyclohexim ide on 
this p ro c e ss  have a t tra c te d  lit tle  study . T a y lo r  e t a l . (1970) found that 
the inhibitor did not p reven t the accum ulation  o f NP and M /NSI in the 
nucleus. C yclohexim ide, if added e a rly  in in fec tion , r e s t r ic ts  RNA 
syn thesis  to p r im a ry  tran sc rip tio n  (Bean and S im pson, 1973: Lamb 
and Choppin, 1976) and inhibits the sy n th esis  o f vRNA (Scholtissek and 
Rott, 1970; Pons, 1973), but it is not known a t w hat point th is inhibition 
no longer a ffec ts  the production of v ir io n s .
The m ovem ent of rad io labe lled  NP from  th e  nucleus from  5 hpi 
onw ards c o r re la te s  with the m igration  of the NP antigen which is 
f i r s t  detec tab le a t 4 hpi and m ore  m arked  a t 5 hp i, and these  m ovem ents 
coincide with the peak of labelled p ro te in s  in v ir io n s  from  5-7  hpi and
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the rapid rise in infectious virus in the tissue culture fluids of 
1000-fold between 4i and 7 hpi. This Is discussed at greater 
length below. Thus, by two independent means, we have shown that 
NP moves out of the nucleus.
The migration of NP antigen (the g-antigen) into the cytoplasm 
was described by Breitenfeld and Schafer (1957) for FPV infected 
CEF cells. They found nuclear fluorescence between 3 and 5 hpi, 
cytoplasmic fluorescence increased from 8 to 10 hpi, whilst the 
whole cell fluoresced at 14 hpi. The reason for this very long 
timescale is unknown. It may be concerned with the characteristics 
of growth of the cell line used in those experiments and the 
difference between these results and more recent data may be 
accounted for by the improvement in cell culture media and 
techniques. Maeno and KiI bourne (1970), using I/5C/4 human 
tissue culture cells, found that after nuclear fluorescence at 
3 hpi the levels of antigen In the cytoplasm had risen by 7 hpi 
and, at a later time (17 hpi), the whole cell fluoresced. A move 
from nucleus to cytoplasm at 3.5 hpi was reported by Kelly and 
Dimmock (1974). The most straightforward interpretation of this 
observation is that NP antigen migrates back from the nucleus 
into the cytoplasm, although it could also be explained by the 
loss of antigenicity of NP in the nucleus and its acquisition 
by NP in the cytoplasm.
•'The observation that pulse-labelled NP can be chased back 
out of the nucleus has not been reported previously. Indeed,
Hay and Skehel (1975) reported that NP continued to be 
accumulated in the nucleus until 9-10 hpi, and that no loss was 
observed. Krug and Etkind (1973) also failed to detect any 
migration of NP from the nucleus. There are a number of reasons 
for this apparent disparity.
1. It is becoming clear that there are differences between 
infected host cells in the amount and time of appearance of viral 
proteins and in the proportion of viral components used in viral 
processes, including productive virion assembly. In some cell 
lines NP may be made in excess, and the amount which migrates may 
be too smaI I to detect.
2. In most cultured cells there appears to be a rapid and 
substantial accumulation of NP In the nucleus. It is much more
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difficult to observe a small decrease in this large amount than 
the corresponding several-fold increase in the tissue culture 
fluids, especially in the early stages, and unless the process 
is followed to late times it might be overlooked.
3. These studies have shown that crossover kinetics of NP 
migration are observed between nucleus and tissue culture fluid, 
but not between nucleus and cytoplasm, i,e. that a drop in the 
level of nuclear NP corresponds to a rise in the level of NP in 
the medium. Although one cannot exclude that NP leaving the 
nucleus results in an equivalent amount of cytoplasmic NP moving 
into the TCF, I prefer the interpretation that NP passes
through the cytoplasm without accumulating there. Previous studies 
have not examined the virus proteins present in the tissue culture 
fluids on a quantitative basis.
4. There may be quantitative or qualitative differences in 
transport of NP at different times after infection. I was careful 
to choose an early time in the growth cycle (2i-3£ hpi) which 
preceded the major release of infectious virus (4-7? hpi) and yet 
labelled both early and late proteins. This maximized the 
probability of labelling those viral proteins most likely to be 
transported and incorporated Into virions.
However, Hay and Skehel ( 1975) observed no migration of NP 
from the nucleus even though they were using FPV in CEF cells like 
thostof the present study, but they did label at 5 hpi when in 
this-system the first rise in cell associated virus was virtually 
complete. I have not followed the migration of NP which was labelled 
as late as 5 hpi, but it is possible that the profile of virus 
protein transport is more confused at this later timepoint due to 
increasing asynchrony of the virus growth cycle. The relatively large 
amount of newly synthesized virus protein at later times may mask the 
productive movement of the small amount of potential viral proteins.
The movement of viral proteins from the nucleus: M, NSI
The movement of matrix protein out of the nucleus occurred 
rather more quickly than NP as illustrated in Fig. 2/16 in which 
16? of M appeared in the medium at 6 hpi compared with 2? of NP, 
but this early lead was not apparent in the longer chase 
experiments. 50? of the nuclear M was released into the 
medium over a 7i hpi chase, whilst
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70% of that chased  In the p re se n ce  of cyclohexim ide w as found in the 
tis su e  cu ltu re  flu id s . T his re su lte d  in a 4-6-fold r is e  in the levels of 
M in the tis su e  cu ltu re  flu ids. In c o n tra s t, NSI was lost from  the 
nuclei into the m edium , but le ss  rap id ly . T h ere  w as a 25% drop in 
n u c lea r NSI a f te r  a 7 j  h chase  and levels in the m edium  ro se  2 -3 - 
fo ld . As in the c a se  of NP above, it is p o ssib le  that a t least som e of 
the M and NSI in the TC F o rig ina ted  from  the cy toplasm  and was 
d isp laced  by p ro te in s  com ing from  the nucleus.
It m ight a lso  be argued tha t the v ira l p ro te in s  a r e  accum ulating 
in the m edium  due to cytopathic effec ts  on the c e lls  and that the 
p roposed  tra n sp o r t from  nuclei to tis su e  cu ltu re  fluids is sim ply due 
to the p ro te in s  leaking out of dying c e lls  o r  in c e lls  which have becom e 
detached into the m edium . T h is  a sp ec t is d iscussed  a t som e depth 
below in re la tion  to the com ponents p re se n t in the tis su e  cu ltu re  
flu ids , but th e re  a r e  s e v e ra l lines of evidence which suggest that 
tra n sp o r t from  the nucleus is specific  , a t  le ast u n til the late stages 
of in fec tion .
1. T he loss of NSI from  the nucleus and its  accum ulation in the 
m edium  is le ss  than that of M and NP. If this lo ss w as due to the 
cytopathic effec t, the p ro p o rtio n a l lo sses  should be s im ila r .
2. The' cy top lasm ic levels of M, NP and NSI a r e  g en e ra lly  s tab le .
A cytopathic e ffec t m ight be expected  to reduce  cy top lasm ic levels 
fa s t and ce r ta in ly  as m uch a s  n u c lea r am ounts. A sligh t fa ll is 
o bse rved  in cy top lasm ic levels of NP, but that o f M and NSI r is e s  
sligh tly  in the sam e c irc u m sta n c e s .
3. T h e re  is an indication from  F ig .2 .1 6  that NP accum ulates in 
the cy top lasm  befo re  appearing  in the m edium  e a r ly  in the re le a se  
p ro c e s s . It se em s probable tha t once v iru s  r e le a se  has begun that 
tra n sp o r t from  the nucleus m ight be co -o rd in a ted  and thus th e re  would 
be no accum ulation  of v ira l p ro te in s  from  the nucleus in the cy top lasm .
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10%c of that chased  in the p resen ce  of cyclohexim ide was found in the 
tis su e  cu ltu re  flu ids. T h is re su lted  in a 4-6-fold r is e  in the levels of 
M in the tis su e  cu ltu re  flu ids. In c o n tra s t, NSI was lost from  the 
nuclei into the m edium , but less rap id ly . T h e re  was a 25^  drop in 
nuclear NSI a f te r  a 7 j h  chase  and levels in the medium  ro se  2 -3 - 
fold. As in the c a se  of NP above, it is p o ss ib le  that at least some of 
the M and NSI in the T C F  orig inated  from  the cytoplasm  and was 
d isplaced by p ro te in s  com ing from  the n u c leu s.
It m ight a lso  be argued  that the v ira l p ro te in s  a re  accum ulating 
in the m edium  due to cytopathic effects on the c e lls  and that the 
proposed tra n sp o r t from  nuclei to tis su e  cu ltu re  fluids is sim ply due 
to the p ro te in s  leaking out of dying c e lls  o r  in c e lls  which have become 
detached into the m edium . T h is asp ec t is d iscu ssed  a t som e depth 
below in re la tion  to the com ponents p re se n t in the tissu e  cu ltu re 
fluids , but th e re  a r e  s e v e ra l lines of ev idence which suggest that 
tra n sp o rt from  the nucleus is specific , a t  le a s t un til the late stages 
of infection .
1. The loss of NSI from  the nucleus and its  accum ulation in the 
m edium  is le ss  than tha t of M and NP. If th is  loss was due to the 
cytopathic effec t, the p ropo rtiona l lo sses  should be s im ila r .
2. The' cy top lasm ic levels of M, NP and NSI a re  generally  stab le .
A cytopathic effec t m ight be expected to red u c e  cytoplasm ic levels 
fa s t and ce r ta in ly  as  m uch a s  n u c lea r am oun ts. A sligh t fall is 
observed  in cy top lasm ic levels of NP, but th a t o f M and NSI r is e s  
sligh tly  in the sam e c irc u m sta n ce s .
3. T h ere  is an indication from  F ig . 2 .16  that NP accum ulates in 
the cy top lasm  before appearing  in the m edium  e a rly  in the re le a se  
p ro c e s s . It se em s p robable that once v iru s  re le a se  has begun that 
tra n sp o rt from  the nucleus m ight be co -o rd in a ted  and thus the re  would 
be no accum ulation  of v ira l p ro te in s  from  the nucleus in the cytoplasm .
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4. F T he A ppearance of V ira l and Host C om ponents in the T issu e  
C ulture F lu id s : Infectious V irus
T he m a jo rity  of infectious v iru s  is re le a s e d  into the m edium , under 
our conditions, between 35 and 9 hpi. H ow ever, c e ll-a s so c ia te d  v iru s  
(CAV) re a c h e s  a high level p r io r  to this in c re a se  and exh ib its a biphasic 
prbf i Ie(F i9 2/2 I ) .The ra te  of accum ulation  of CAV is about 2 lo g ^  
p e r  hour between 2 and 4 hpi, but it d e c re a s e s  to 8-fold per hour between 5 and 
12 hpi. CAV is n o t expected from  a v iru s  which buds from  the 
p lasm a m e m b ran e . Why then does this phenom enon o cc u r ?
CAV m ight a r i s e  by aggregation of v i r a l  com ponents which a re  in 
c lo se  p rox im ity  a t assem b ly  s ite s  n ea r the  p lasm a m em b ran e .
Sonication is known to induce m em branes to  ves icu la te  and to form  
large agg reg ate s ,an d  these  actions m ight be involved in the a r tif ic ia l 
production of in fectiv ity . Although, with a s tre tc h  of the im agination, 
th is  can be env isaged  as  a very  o ccas io n al p robab ility , the observation 
that m ost of the  CAV ap p ears  a t e a rly  s ta g e s  suggest tha t v iru s  a r is e s  
by n a tu ra l m e a n s . SVP's a re  unlikely  to  con tribu te  sign ifican tly  as  
these  a r e  known to have a very  low in fec tiv ity . T he second possib ility , 
som ew hat akin to the f i r s t ,  is that v iru s  is  delayed w hilst in the p ro c e ss  
of budding and that the sonication induces the p re m a tu re  com pletion of 
th is step-. H ow ever, evidence of s e v e ra l  w o rk e rs  ind icates that M is 
incorporated  im m ediately  p r io r  to v irion  r e le a s e ,  hence arte fac tu a lly  
c re a te d  v ir io n s  would lack M and p robab ly  be n on -in fec tious. D espite 
the o b jec tio n s,th ese  th eo ries  of incom plete assem b ly  a r e  a ttra c tiv e  in 
offering an explanation fo r the continued r i s e  in CAV even a f te r  r e le a se  
of v irions into the m edium  has levelled o ff. If the a s sem b ly  of v iru s  
was inhibited by a sho rtage  of com ponents a t la te r  tim es  in infection 
and som e fo rm  of 'agg rega te  a s so c ia tio n ' was p o ss ib le , the observed  
r is e  in CAV could be explained.
T he th ird  and m ost likely explanation is that CAV is infectious v iru s  
which has been assem bled  and re le a se d  bu t has re a d so rb e d  to the  m ono layer. 
T h is could o c c u r  between 2 and 4 hpi when th e re  is ap paren tly  little  v iru s  
r e le a se  into the m edium . Between 4 and 10 hpi v iru s  is re le a se d  into
the m edium  w hilst the r a te  of r is e  of CAV is slow ed. R eleased  
v irus m igh t e ith e r  be new ly assem bled  and re le a se d  d ire c tly , o r  CAV 
m ight be a  p re c u rso r  to the re le a se d  v iru s . S peculatively , a 
com bination  m ight be the ca se  in which the budding of newly assem bled  
v iru s  th rough m em brane with a localized  concentra tion  o f  reab so rb ed  
v irions m igh t re s u lt  in r e le a se  of e i th e r  the new o r abso rbed  v iru s .
But th is explanation of rea b so rb e d  v iru s  does not account fo r the 
continued accum ulation of c e ll-a s so c ia te d  v iru s , even a f te r  the r e le a se  
of in fectious v iru s  into the m edium  is com plete . It is p ossib le  that 
this re p re s e n ts  a second cycle of infection which m ight lead to a 
fu rth e r  re le a s e  of in fec tiv ity  into the tissu e  cu ltu re  fluids providing 
the c e lls  rem ained  v iab le .
T he ap p earan ce  of v i r a l  and host components in the tis su e  cu ltu re  flu id : 
labelled com ponents
V iru s  p ro te in s  syn thesized  between 2% and 3 hpi w ere  incorporated  
into v ir io n s  re le a se d  a t  5 -7  hpi and 9-11 h p i , and co m p rised  about 20% 
of the to ta l  labelled p ro te in  re le a se d . F re e  pro tein  w as re le a se d  in 
the f i r s t  hour a f te r  sy n th e s is , and between 8 and 11 hp i. T he putative 
3VP frac tio n  w ill be d isc u sse d  in d e ta il below, but b road ly  its 
d is trib u tio n  followed tha t of the f re e  p ro te in .
The study of cytopathic effects in infected ce lls  showed that though 
th e re  w as a loss of 30-45%  of Infected host c e ll  and v ir a l  com ponents 
Into the m edium  ov er th is period , a s ig n ific an t loss was a lso  observed  
in un infected  c e lls .  T he th ree  phases defined in the re su lts  (see F ig . 2 .2 9 ) 
a re  b e s t  considered  s e p a ra te ly . In the f i r s t  hour a f te r  the pu lse  (phase 
1) th e re  was a co n s id erab le  re le a s e  of f re e  labelled pro tein  com prising  
about 20% of the to ta l re le a se d . A p art from  a sm a ll am ount of host 
p ro te in  X, th is w as p redom inan tly  v ira l p rotein  . A nalysis of the 
tis su e  cu ltu re  fluids showed no sign ifican t r e le a s e  of host c e ll  
com ponents in e i th e r  uninfected o r  infected c e lls ,  thus m aking it 
un like ly  th a t dam age to the ce ll m onolayer caused  during  the washing 
and pu lsing  p ro ce d u re s  was resp o n sib le  fo r th is r e le a s e .  The ejection 
of so m e fre e  v ira l p ro te in s  from  infected c e lls  sh o rtly  a f te r  th e ir  
syn thesis  thus se em s to be a n a tu ra l phenom enon. T he com position of 
this r e le a s e  is d isc u sse d  below.
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In phase two, between 5 and 7 hpl, th e re  w as a peak of labelled 
p ro te in s  in re le a se d  v ir io n s . At this tim e the r e le a s e  of ho st ce ll 
com ponents, a s  m easu red  by a l l  m ethods,w as low and th e re  was no 
sign ifican t r e le a s e  of f re e  labelled v ira l p ro te in . T h is shows that 
the m axim um  incorporation of p ro te in s  into v irions occu rs  about 2-4 h 
a f te r  th e ir  sy n th es is . T he u tiliza tion  of individual v ira l  p ro te in s  is 
detailed  below.
In phase th re e , covering  the period  7-12 hpi, 80-90% of the to ta l 
r e le a s e  of p re lab e lled , pe lle tab le  thym idine and m ethionine and 
60-70%  of the to ta l r e le a s e  of X and NSI o cc u rre d . About a q u a rte r
3
of the to ta l p re lab e lled  [ H ]-thym id ine in the c e ll  cu ltu re  was 
re le a se d  from  7 - 1 2  hp i. F re e  v ira l p ro tein  r e le a s e  w as su b stan tia l 
(about 70% of to ta l)  and C ou lter counted d eb ris  w as a t its  h ighest 
value .
It seem s likely th e re fo re  from  th is data th a t  som e, a t least, of 
the r e le a se  of f re e  pro tein  occu rs due to a d e terio ra tio n  in the host 
c e l ls .  H owever, the level o f  r e le a se  of uninfected c e lls  showed that 
m o st of the dam age is not v iru s  induced though it could s t i l l  re su lt  
in th e  r e le a se  of v iru s  p ro te in s . T h e re  a re  a lso  o ther inconsistencies 
in im plicating  v iru s  induced c e llu la r  p e rm e ab ility . R e lease  of host 
com ponents a t  the beginning of phase 3 (7-8^ h p i)  was not accom panied 
by a co rrespond ing  level of f re e  v ira l p ro te in s  w hilst the la te r  re le a se  
(9-12 hp i) did re s u lt  in both v ira l and host com ponent re le a s e .  T he 
data on the tra n sp o r t of v ir a l  p ro te in s  from  the nucleus a lso  suggest 
th a t th is p ro c e ss  rem a in s  specific  up to 11 hpi (see above). It is 
p o ss ib le  that the wash of c e ll  m onolayers p r io r  to fractionation  elu tes 
off absorbed  v iru s  which thus ap p ears  in the m edium  in the tra n sp o rt 
ex p erim en ts  w hilst it is s t i l l  attached  to the m onolayer in the experim en ts 
analysing the tis su e  cu ltu re  flu ids.
Since influenza v iru s  is re le a se d  by budding through the p lasm a 
m em brane, the re le a se  of labelled v irions observed  a t th is tim e could 
no t be due to leakage of cy toplasm  o r sloughing off of whole c e lls .  
H ow ever, if v iru s  was adsorbed  to the p lasm a m em brane a s  suggested  
above, then the changes which take place in the host c e ll a t th is  stage
of infection m ight p e rm it the re le a s e  of so m e  of th is adsorbed  v irus 
due to the d isin teg ration  of the m eans of its ad so rp tion .
4 .G  The D istribu tion  of P ro te ins Incorpora ted  into V irions
HA2 and NP a re  incorporated  into v irio n s  a t low levels a f te r  th e ir  
sy n th e s is(and th is level r i s e s  to a peak a t  6 -7  hpi. In co n tra s t, M is 
found in v irio n s in roughly  s im ila r  am ounts from  3-7  hp i. The am ount 
of labelled M and NP in v irions again r is e s  to a second m axim um  a t 
9-10 hpi, w h ilst the level of HA2 incorporation  rem a in s  low throughout 
th is p e rio d . T he delay  in appearance  of NP and HA2 m ust re f lec t the 
p ro c e sse s  to be accom plished  w ith the new ly syn thesized  polypeptide 
before Its incorporation  into the v irio n . NP m ust be assem bled  into 
the v ira l RNP which probably  n e c e s s ita te s  its  tra n sp o rt into and out 
of the nucleus w hilst HA2 m ust be cleaved  from  the p re c u rso r  HA and 
g lycosy la ted . T he rap id  appearance of M in v irions suggests that th e re  
is im m ediate equ ilib ra tion  of the newly syn thesized  protein into the poo l 
out o f which v irions a r e  assem b led  and the constan t ra te  of incorporation  
over the f i r s t  four hours suggests that th is pool is la rg e .
T hese  r e s u lts  a r e  in com plete a g re em e n t with Hay (1974) who 
m easu red  cum ulative to ta ls  of pro tein  inco rpo rated  into v ir io n s . It 
has been-suggested  that the syn thesis  of m a tr ix  protein  is lim iting in 
v iru s  m ultip lication  and th a t the a r r iv a l  of m a tr ix  protein  a t the p la sm a  
m em brane m ay tr ig g e r  the r e le a s e  of v iru s  (Lazarow itz e t a l . . 1971; 
Com pans, 1973). H ow ever, ou r r e s u l t s ,  in ag reem en t with Hay (1974) , 
suggest th a t the syn thesis  of M is not r a te  lim iting fo r th e re  is a 
su b stan tia l pool of th is  p ro te in  both a t 3 hpi (in our study) and a t 4 hpi 
(in H a y 's ) . How ever, th e re  is a consensus between a ll these 
investigations that the incorporation  of m a tr ix  protein  into v irions is  
ihe final p ro c e ss  p r io r  to budding. In extension of the study of Hay (1974), 
we have found fu rth e r  incorporation  into v irio n s  of NP and M syn thesized  
a t 2\ to 3 hpi a t 9-11 hpi. T he work of M e ie r-E w e rt and Com pans (1974) 
in which they found that m ax im al incorporation  of NP and g ly co p ro te in s  
into v irions cam e with p ro te in s  syn thesized  2 h e a r l ie r  than that of
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m a tr ix  p ro te in > is also  consisten t w ith  this study. T his ind icates that 
at the tim e of m axim al virion a s se m b ly > NP and g lycop ro te in s a re  
drawn from  a pool of e a r l ie r  sy n th e s is  than m a trix  p ro te in .
4.H  T he R elease of F re e  Protein
T he only v ira l protein detected in the free  protein fraction  was NPt 
although tr a c e s  of M could be o b se rv ed  a t 9-11 hpi and NSI was v isib le  
a t 3 -4  hpi (F ig . 2 .1 7 ) .  W henever host protein X was re le a se d , it 
w as found in the fre e  protein fra c tio n . About 65% of the NP re leased  
was in the soluble fraction  and 10% o f  th is was re le a se d  in the f irs t  
hour. It is  probable that the unique d istribu tion  of NP am ongst the 
v ira l p ro te in s  in th is study m ay r e s u l t  not only from  its associa tion  
with the vRNA in v irions but also  its  associa tion  with cRNA in the 
infected c e l l .  Krug (1971, 1972) h a s  found RNP's containing both v 
and cRNA in the cytoplasm  and Pons (1971, 1972) has observed  the 
addition of NP to incom plete cRN A's during transc rip tion  and concluded 
that a ll cR N A 's w ere  associa ted  w ith  NP. This cRNA-NP may thus 
be re le a se d  from  the ce ll when cRNA synthesis is declin ing. However, we 
have not ana lysed  RNA’s re leased  f ro m  the ce ll.
4 . 1 R e lease  of S ub-v iral P artic les  
These s tru c tu re s  sedim ented on a velocity g rad ien t at a ra te  between 
tha t of v irio n s and fre e  protein but w ere  never c le a rly  reso lved  fr o m th |r?rIe?  
f r a c t i o n .  D istribution of SVP's o v e r  the chase period w as s im ila r  to 
the v ira l p ro te in s  in the soluble f ra c tio n , but It contained m ore M and 
NSI re la tiv e  to NP and did not contain  X a t any tim e . We do not know 
w hether th is  s tru c tu re  contains RNA o r what its ro le  m ight be. We 
have no evidence that we a re  ana lyz ing  the sam e s tru c tu re  throughout 
the p e rio d  studied , although the fa c t  that it d iffered  in v ir a l  protein 
content from  both the virion and so lu b le  fractions a rg u es  for som e 
un ifo rm ity . F u rth e r  c h a rac te riza tio n  of this en tity  by velocity  
g rad ien t centrifugation  and an a ly s is  of its RNA content a r e  requ ired  
before its  relevance can be m eaningfully  a s se sse d .
5. CONCLUSION
Im plications of the T ra n sp o r t of NP. M and NSI into, and NP and M 
out o f  the Nucleus
T h is  p a r t specu la tes on the ro le  o f these  p ro te in s  in v iru s 
re p lic a tio n  and the re a so n s  fo r th e ir  m igration  to and from  the nucleus . 
The s i t e  of influenza RNA sy n th esis  is c o n tro v e rs ia l, but if the virion 
RNA w ere  to be syn thesized  in the nucleus , then assem b ly  of RNP's 
for incorporation  into v ir io n s  m ight take p lace  a t th is  s i te .  Thus NP 
m ig h t move to the nucleus and, a s  vRNA was sy n th e s iz ed i becom e 
in co rp o ra ted  into an RNP s tru c tu re  which subsequently  m igra ted  
th rough  the cy toplasm  to the s ite  o f virion  assem b ly  a t the p lasm a 
m e m b ran e . The m ovem ent of rad io labe lled  p ro te in  in and out of the 
n u cleu s is co n sis ten t w ith this plan and the accum ulation  of antigen 
(probably  RNP ra th e r  than NP) in the nucleus and its subsequent 
m ig ra tio n  a lso  support th is  idea. T he re s u lts  of th is study suggest 
th a t,  unlike M and NSI, a co n sid erab le  portion of NP rem a in s  
cy to p la sm ic . Given the knowledge that NP can a s so c ia te  with e ith e r  
v o r  cRNA, it is tem pting  to suggest that the cy top lasm ic RNP contains 
p redom inan tly  cRNA and functions to p ro tec t cRNA a n d /o r  ex e rt 
c o n tro l  on its tra n s la tio n . T h is m ight then ind icate th a t a p roportion  
of NP protein does not go  through the nucleus but a s so c ia te s  with cRNA 
in th e  cytoplasm  to fo rm  cRNP an tigen .
NSI is syn thesized  e a r ly  in infection and accum ula tes  in the nucleus, 
co n c en tra ted  in the nucleolus (Dim m ock, 1969; K rug and E tkind, 1973; 
K ru g  and Soeiro, 1975). It is found in the cy top lasm  predom inantly  
a s so c ia te d  with po lysom es (Com pans, 1973; Klenk e t a l . . 1974; Hay, 
1974; Pons, 1972) although it does not behave as  a rib o so m a l s tru c tu ra l 
p ro te in  (Klug and E tkind, 1973). H ow ever, th is  a lm o s t exclusive 
a s so c ia tio n  with rib o so m a l p ro c e s se s  su g g ests  a ro le  in v ira l p rotein  
sy n th e s is  o r  possib ly  tra n sc rip tio n  , e sp ec ia lly  if any of the v ira l 
m RNA’s make u se  of rRNA sy n th esis  m ach inery  as suggested  by the 
in h ib ito r studes of M inor and Dimmock (1977). Its e a r ly  syn th esis ,
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the d e c re a se  in th is sy n th esis  by 4 hpi and its accum ulation  in the 
nucleus only e a r ly  on ten ta tively  suggest that it m ay be req u ired  for 
an e a r ly  step  in v iru s  m ulitp licatlon  such as  the e a r ly - la te  pro tein  
sw itch (Skehel( 1973).
/ ^ s u g g e s t  a c o n tro v e rs ia l schem e which explains the m ovem ents 
of m a tr ix  p ro te in . M is syn thesized  in the cy top lasm  and accum ulates 
rap id ly  in the nucleus w here  a la rg e  pool develops. A sm a ll am ount 
of M is not tran sp o rte d , and accum ulates on the p lasm a m em brane 
due to  an affin ity  with th is  s tru c tu re . The assem bly  of RNP's 
containing NP and the P p ro te in s  is com pleted by the associa tion  of M 
and the re su ltin g  co re  is rapidly tran sp o rte d  through the cy toplasm  
and assem b led  into v irio n s w hose m em brane is specified  by the 
g lycopro te ins a lone. C o n tra ry  to the accepted  dogm a,in th is schem e, 
it is the cy top lasm ic m a tr ix  p ro te in  which is redundant and the n u clea r 
p ro te in  which is u tilized  in v ir io n s . How does th is schem e acco rd  
with the evidence ?
T he accum ulation of M in the nucleus is rap id  a s  shown by th is 
study and by Hay and Skehel (1975) who found tha t, a f te r  a 2 min 
pu lse  of M, tra n sp o r t to the nucleus was v irtua lly  com plete within 
15 m in . T h a t th e re  is a la rge  pool of M in the infected c e ll  is 
suggested  by these  s tu d ies  and o th e rs  (Com pans, 1973; Klenk e t a l . . 
1974- Hay, 1974). Hay found that M was p re se n t in the nuclei a t 
high levels a t 10 hpi, though the s ite  of the pool is no t iivestigated  in 
o th e r  s tu d ie s . The p re se n t study has dem onstra ted  the m ovem ent of M 
from  the nucleus a t a s im ila r  r a te  to that of NP. M does not accum ulate 
in the cy top lasm  following th is tra n sp o rt, but ap p ears  in the m edium  in 
v irio n s . T h is is co n s is te n t with a rap id  and co -o rd in a ted  tra n sp o r t of 
NP and M through the cy top lasm .
T he schem e would explain the fa ilu re  of a l l  s tud ies  to d e tec t M in 
associa tion  w ith RNP s tru c tu re s  containing NP and P p ro te in s  in the 
cytoplasm  (Com pans, 1973; Klenk e t a l . . 1974; Hay and Skehel, 1975) 
s ince  these  a r e  probably  cRNA containing and involved in tran s la tio n .
Some RNP's m ay appear in the cy top lasm  containing vRNA e i th e r  
by abortive assem bly  and tra n sp o rt o r  in connection with cRNA 
sy n th es is . The apparent m ovem ent of NP antigen (this th e s is ;
Breitenfeld and Schafer, 1957; Maeno and K ilbourne, 1970) m ig h t 
re f le c t loss of M-RNP from  the nucleus, but the r is e  in cy top lasm ic 
levels could be due to RNP contain ing cRNA . It is a lso  p o ss ib le  
that som e of the cy top lasm ic f lu o rescen ce  is in fact a t the p la sm a  
m em brane rep re se n tin g  budding o r  reab so rb ed  v iru s . C ores 
containing m a trix  protein  have been found a f te r  trea tm e n t of v ir io n s  
with detergen ts (R eg inster and N erm u t(1976).
The accum ulation of M in asso c ia tio n  with rough ER m ight be due 
to its syn thesis  and a lim ited  av a ilab ility  of tra n sp o rt p ro c e s s e s  to 
the nucleus w hilst its  accum ulation a t  the p lasm a m em brane is  
abortive  as  re g a rd s  incorporation  into v ir io n s . T h is is sup p o rted  by 
tie fa ilu re  to chase  M out of sm ooth m em brane and p lasm a m em b ran e  
frac tions (Com pans, 1973; Klenk e t a l . . 1974; Hay, 1974). T h e  
concept advanced that the a r r iv a l  of M tr ig g e rs  the budding o f the 
v iru s  p a r tic le s  is co n s is ten t with th is  schem e (Lazarow itz e t a l . .
1971). An apparent d isc rep an cy  with th is schem e a r is e s  s in c e  in th is 
study and in a prev ious w ork (Hay, 1974) M appeared  to be in co rp o ra ted  
into v irions from  its tim e of sy n th e s is . But in our study a p u ls e  of 30 
min allowed am ple tim e fo r  nuclea r accum ulation , eq u ilib ra tio n  with the 
pool of m a tr ix  pro tein  and subsequen t co re  tran sp o rt,w h ils t Hay used  a 
pu lse  of 15 min and analysed  the v irio n s produced a fte r  30 m in , again 
enough tim e for the r a te  of M u tiliza tion  to attain its steady s ta te  value. 
Though Hay found the incorporation  of m a tr ix  protein c o n s is te n t with a 
putative ro le  in the form ation of the virion envelope, he d id  not exclude 
som e o ther ro le  fo r th is  p ro te in  on account o f its su b stan tia l accum ulation 
in the nucleus. Evidence fo r the p re se n c e  of RNP s tru c tu re s  containing 
M is p resen ted  in Section 3.
T h is  hypothesis is open to  te s t  by m anipulating the conditions 
so  that the hypothetical M con tain ing  RNP (M -R N P) m ight 
accum ulate . Infected c e lls  cou ld  be tre a te d  with a n ti-n eu ram in id ase  
which w ill re su lt  in patching and capping of the influenza NA a s  It 
is ex p re ssed . T his w ill Inh ib it virion  budding without affecting  in tr a ­
c e llu la r  p ro c e sse s  and thus an accum ulation  of M-RNP m ight be 
observed  in the cy top lasm . A s im ila r  ra tio n a le  would apply to the 
u se  of a ts m utant defective in HA and NA sy n th e s is . A lte rna tive ly  one could  
use an L - c e l  I system w hich allow s the infection cyc le of influenza 
to p roceed  but the NP antigen is not observed  to m ig ra te  from  the 
nucleus. In th is situation , M -containing RNP's m ight build up in the 
nucleus. T he concentration  of M-RNP form ed by these  p ro ced u res  
could then be analysed by g ra d ie n t cen trifugation .
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Section 3 : The D istribu tion  of V iral P ro te ins w ithin the Nucleus and 
Cytoplasm : Location of V ira l P ro te ins in S ubstructu res 
1. Introduction
The use of M etrizam ide as a g rad ien t cen trifugation  m edium  has 
considerab le advantages o v er conventional m edia. It is com pletely  
non-ionic, an advantage ov er caesium  ch lo ride, yet it is considerab ly  
le s s  viscous than su c ro se . F or any given concentra tion  it is  den ser 
than sucrose  but, like su c ro se , it exh ib its a n e a r  lin ea r re la tionsh ip  
between concentration  and osm o larity . Its  re fra c tiv e  index provides 
a ready m easu re  of its  concentra tion  and hence its  density . G radients 
can be form ed sim ply by sedim entation , unlike su c ro se , but these 
fo rm  m ore slowly than those of caesium  ch loride (Rickwood, 1976).
The density  of com ponents in M etrizam ide is  de term ined  mainly 
by th e ir  degree of hydration , the g r e a te r  the hydration  the low er the 
density  of the com ponent (Birnie e t  a l . , 1973). The use of M etrizam ide 
g rad ien ts  to reso lv e  RN P's has been d escrib ed  (Rickwood and Birnie, 
1975 ) and th is method enab les RNP's to be separa ted  accord ing  to the 
r  ;io of RNA to p ro te in . Chrom atin is  a lso  sep ara ted  into d isc re te  
peaks (Rickwood e t a l . , 1973 ).
Previous ana ly ses of influenza RN P's in infected c e lls  had generally  
concentrated  on the RNA in such s tru c tu re s  and little  w as known of the 
p ro te in  com position of such RNP's. In m ost stud ies it w as found 
n ec essa ry  to fix the RNP's with g lu taraldehyde (Krug, 1971 ) o r 
form aldehyde (A ssadullaeff et a l . , 1975 ) to p reven t d isru p tio n  of 
com ponents with a ll i ts  attendant a r te fa c ts .  F u rth e rm o re , the 
isolation of RNP's by se v e ra l step m ethods m ade it likely that 
com ponents m ight be lo s t o r  re a rra n g e d  and that frag ile  s tru c tu re s  
might be ir re v e rs ib ly  d isrup ted . Some ex trac tio n s involve trea tm en t 
with DNAse which p rev en ts  the investigation  of any asso c ia tio n  with 
ce ll chrom atin .
It seem ed that an ana ly sis  of to ta l ce ll com partm en ts with the 
minimum of p re p a ra ti ve steps using a m ethod which m ight p re se rv e  
the associa tion  of v ira l com ponents in v ira l s tru c tu re s  and in 
associa tion  with host c e ll  com ponents w as w arran ted . M etrizam ide
7 2
F ig . 3/1 Schem atic rep re se n ta tio n  o fthe  density  of som e v ir a l  and cell 
s tru c tu re s  in M etrizam ide g ra d ie n ts .
M
et
ri
za
m
id
e 
de
ns
it
y 
(g
/m
l)
3 /3
appeared t o  of f er  a uni que o p po rt un i ty  t o  study t h e  s t a t e  of v i r a l  
p r o t e i n s  w i t h i n  t he i n fe c t e d  c e l l .  In the n u c l e u s ,  p u t a t i v e  v i r i o n  
s u b s t r u c t u r e s  c o n t a i n i n g  RNA might be i s o l a t e d  and an a s s o c i a t i o n  
of v i r a l  components with chromatin demonstrated.  I t  was hoped to  
document t h es e  s t r u c t u r e s  and f ol l ow t h e i r  s y n t h e s i s ,  assembly  
and movement by p u l s e - c h a s e  procedures.  Although the r a t i o n a l e  
behind t he a p p l i c a t i o n  o f  t h i s  t echni que t o  the problem was sound 
and v a l i d ,  however, t he  r e s u l t s  were d i s a p p o i n t i n g .  The r eader  
should bear  in mind t he  s t r i c t u r e s  el abor ated
in the  c o n c l u s i o n  on page 3 / 3 2  when e v a l u a t i n g  t h e  f ol l owi ng  r e s u l t s .
2 .  C h a r a c t e r i z a t i o n  of  Metr izamide G r a di e nt s
A. The d e n s i t y  of v i r i o n s ,  RNP, f r e e  p r o te in  and chromatin
Before Metr i zami de g r a d i e n t  c e n t r i f u g a t i o n  co ul d  be a p p l i e d  to 
i n v e s t i g a t e  the s t a t e  of  v i r a l  p r o t e i n s  wi thi n c e l l  f r a c t i o n s  ( i . e .  
whether t h e  p r o t e i n s  were f r e e ,  in some v i r a l  s u b s t r u c t u r e  or  
a s s o c i a t e d  with host  c e l l  components),  some s e p a r a t i o n  c h a r a c te i— 
¡ s t i e s  of  t he method were determined.  A p i c t o r i a l  summary of  these  
p r e l i m i n a r y  i n v e s t i g a t i o n s  i s  presented in F i g .  3 / 1 .
i?5s] - m et hi o n i ne  l a b e l l e d  undisr upted v i r u s  ( F i g .  3 / l a )  
e x h i b i t e d  a s i n g l e  peak of v i r a l  p r o t e i n s  around 1 . 2 2  g / ml .
A n a l y s i s  by PAGE of f r a c t i o n s  of the g r a d i e n t  c o n t a i n i n g  v i r u s  showed 
t h a t  the r a t i o  of  v i r a l  p r o t e i n s  was c o ns t an t  in each f r a c t i o n .  
However,  a small  amount of NP was observed a t  a d e n s i t y  c h a r a c t e r ­
i s t i c  of f r e e  p r o te i n  ( 1 . 3 5  g / m l ) .  T h i s  was proba bl y  p r e se nt  in 
t he v i r u s  p r e p a r a t i o n  a s  a r e s u l t  of breakdown d u r i ng p u r i f i c a t i o n  
or s t o r a g e .  Apar t  from t h i s  small  amount of f r e e  v i r u s  p r o t e i n ,  
t he  r e s t  was c on ce nt r a te d about a s i n g l e  d e n s i t y  thus  encouraging  
t he c o n c l u s i o n  t h a t  Metr i zami de had l i t t l e ,  i f  any,  d e l e t e r i o u s  
e f f e c t  on t he i n t a c t  v i r i o n .
V i r u s  l a b e l l e d  with L H j - u r i d i n e  d i s p l a y e d  t hr ee  c h a r a c t e r i s t i c  
d e n s i t i e s  when d i s r u p t e d  with IOp NP 40 and c e n t r i f u g e d  in 37p  
Metrizamide ( F i g .  3 / l c ) .  The major peak was found a t  1 . 2 5 5  g/ml  
which was s i m i l a r  t o  the  v i r a l  RNP peak observed by Hudson e t  a I .
( i n  p r e s s ) .  A s h o u l d e r  was often observed a t  1 . 2 2  g / m l ,  presumably  
i n d i c a t i v e  of f r e e  v i r i o n s , w h i I s t  a f u r t h e r  s t ep  in the p r o f i l e  of 
r a d i o a c t i v i t y  a t  1 . 1 7 5  was probably f r e e  RNA. T h i s  r e s u l t  was 
s u b s t a n t i a l l y  u n a l t e r e d  by the omiss ion of Mg^ in the d i s r u p t i o n  
medium and in t he g r a d i e n t  b u f f e r  ( F i g .  3 / l b ) ,  but on o c c a s i o n s  
the v i r a l  RNP peak was sharpened and the presence of r a d i o c a c t i v i t y  
a t  h i gh er  d e n s i t i e s  was
reduced . However, s ince  a ll the fractionation  stud ies and a ll v irus 
and ce ll buffers contained m agnesium ,w hich enhances tra n sc r ip ta se  
activ ity  and hence m ay s tab ilize  RNP's, it was decided to incorporate  
it into the M etrizam ide g rad ie n ts . It was a lso  hoped to c le a r  
polysom es from  the c r i t ic a l  d e n s itie s  (1 .3 0 -1 .2 0  g /m l ) of the 
g rad ien t since these  m ight contain  nascen t v ira l polypeptides in the 
sh o r te r  chase sa m p le s . T hese had been shown to be shifted from  
1.24 to 1.35 g /m l by the addition of MgCl2 to the g rad ien t m edium  
(Buckingham and G ro ss , 1975 ).
F e r r it in , taken a s  illu s tra tiv e  of free  p ro te in , w as found a t 
d en sitie s  in ex cess  o f 1.31 (F ig . 3 /1d  ) w hilst cytochrom e c and 
haem aglobin a lso  exhib ited  co n s id erab le  com plexing w ith M etrizam ide 
and w ere  found at h igh d en s itie s  o r  p rec ip ita ted  (density > 1.38 g /m l ). 
However the o b se rv a tio n  of m a te r ia l a t these high d en s itie s  (Birnie 
et a l . , 1973; Rickwood et a l . , 1974; Rickwood and B im ie, 1975 ), 
predom inantly  f re e  p ro te in  com plexed with M etrizam ide, re n d e rs  
questionable the assu m p tio n  that p ro te in  a t these d en s itie s  is  
unambiguously f re e  in  its  native s ta te . However, rep ea tab le  d iffe rences 
w ere found between m a te r ia l  in th is  region and a t low er d en s itie s  in the 
following s tud ies.
The behaviour o f ch rom atin  is  sum m arized  in F ig. 3 /1 e ,f ,  g.
Whole nuclei, sh e a re d  by rep e a te d  passage through a 26 G syringe 
needle, exhibited a m ajo r peak a t  1.24 g /m l with a sh o u ld er at 
1 .20  g /m l in ag re em e n t w ith the re su lts  of o the r w o rk e rs  (Birnie e t a l . , 
1973; Rickwood e t a l . , 1974b ). If the nuclei w ere  fu rth e r  
fractionated  by m u ltip le  iso ton ic sa lt w ashes to ex tra c t an 'RNP 
en rich ed ' frac tion  and leave ch rom atin , the 1 .2 0  g /m l peak alone 
was found in the ch ro m atin  fra c tio n  w hilst, in the RNP frac tion , the 
h igher density  com ponent w as predom inant. It ap p ears  th a t the m ore 
vigorous the d isru p tiv e  trea tm e n t the g re a te r  is  the lo ss  of the den ser 
com ponent (Rickwood e t a l . , 1974b), thus Hudson et a l. ( in p re ss  ) 
found chrom atin  only a t 1 . 2 0  g /m l.
The banding o f m em branes in  M etrizam ide is poorly docum ented 
but it has been re p o rte d  (Aas, 1973 ) that m ic rosom al m em branes band
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(a ) D isrup ted  in <0%NP40 for 30 min at room  tem p era tu re
(b) D isrup ted  in 1^N P 40  for 5 min a t 4° Q
( c ) D isrup ted  in 1%N'P40 and 0 .5 ^  DOC for 4 min a t 37
O : NP; •  : M ; □  : HA2; i-------- 'po sitio n  in which P’s w ere
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F ig . 3/2  Profiles obtained from  M etrizam ide g rad ien t
35cen trifugation  of d isrup ted  [ S | m ethionine
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heterogeneously  between 1.14 and 1.26 g /m l.  Combining the 
re su lts  of th is study with the published w ork on M etrizam ide 
g rad ien ts, we conclude that f re e  v iru s  bands a t 1 . 2 2  g /m l, v ira l 
RN'P a t 1.255 , though various co re  s tru c tu re s  containing m ore 
protein may band up to 1 .27 g /m l, ch rom atin  a t 1 .24  and 1.20 
g /m l and fre e  pro tein  a t > 1 .2 9  g /m l. It ap p ears  likely, however, 
that som e p ro te in s p re se n t in associa tion  w ith c e llu la r  s tru c tu re s  
become com plexed with M etrizam ide and appear a t densitie s  
> 1.30 g /m l.
B. A nalysis of the P ro te ins of D isrupted V irions
V irons labelled with [ ^ S ]  -m ethionine w ere d isrup ted  in a 
varie ty  of w ays and cen trifuged  to equilib rium  in M etrizam ide. 
F ractions w ere  analyzed by PAGE for the p re se n ce  of v ira l p ro te ins. 
The re su lts  of these ex p e rim en ts  a re  shown on F ig . 3 /2 . M, NP and 
HA2 w ere  c le a rly  v isua lized ; HA1 was not so e a s ily  resolved but 
followed the d is trib u tio n  of HA2 in every  re sp e c t. The density  at 
which m axim um  rad ioactiv ity  of the P p ro te in s w as observed is 
indicated, but the re  w as insu ffic ien t rad ioactiv ity  fo r this to be 
quantitated .
It can be seen that th e re  a re  d is tin c t d iffe ren ces in the pa tte rn s 
of V iral p ro te in  su b s tru c tu re s  a f te r  d iffe ren t d isrup tive  trea tm en ts .
In F ig . 3 /2a the p ro file s  of v iru s  d isrup ted  w ith 10% NP40 for 30 min 
at 20° (a fte r Hudson et a l . , in p re s s  ) a r e  shown.
25% of M was a t the density  of fre e  p ro te in , th e re  was an excess 
of f re e  NP over NP a t v iru s  ribonucleopro tein  density  and a sm all 
peak of M, HA2 and NP w as observed  a t 1.215 g /m l which is 
p resum ably  indicative of whole v iru s . HA2 form ed a diffuse peak 
between 1.235 and 1.27 g /m l  whicn m ight be an associa tion  with a 
fam ily of v ira l RNP s tru c tu re s  containing vary ing  am ounts of ex tra 
pro tein , possib ly  M, but could a lso  be ind icative of a free  glyco­
pro tein  as , fo r exam ple, m case in  a t 1 .24 g /m l (Birnie et a l . , 1973 ). 
Thus 10% NP40 trea tm e n t produces substan tia l am ounts of free  protein 
but a lso  g ives r is e  to a range  of s tru c tu re s  a t the densitie s  of RNP's.
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In co n tra s t to the vigorous trea tm en t above, a p rocedure 
involving exposu re  to 1% NP40 fo r  very  lim ited  p erio d s  of tim e at 
4° (adapted from  Alm eida and Brand, 1975 ) p roduced  much le s s  
fre e  M and very  little  f re e  NP (Fig. 3 /2b ). T h e re  was a sligh t 
peak of M a t v ir a l  RNP density  but little  NP. By fa r  the g re a te s t 
am ount of NP w as a t fre e  v iru s  density  w here th e re  was a lso  
considerab le  m a tr ix  p ro te in . The g lycop ro te in s  appeared m uch as 
in the above trea tm e n t w hilst P p ro te in s  w ere  concen tra ted  at a 
density  of 1 .2 2 -1 .2 3  g /m l co rresponding  to th a t of fre e  v iru s .
Thus th is trea tm e n t p roduces som e RNP d en s ity  m a te ria l,b u t 
m ost v ira l p ro te in  is  found in the region of f re e  v iru s indicating 
that th is lim ited  trea tm en t does not d is ru p t a co n sid erab le  
p roportion  of the v irio n s. We also  used a c o c k ta il of NP40 and 
sodium deoxycholate fo r  4 min at 37° (Pons, 1971 ). This produced 
the p ro file s  shown on Fig. 3 /2 c . T here  was a la rg e  peak of M and 
NP a t v ira l RNP dens ity w here the P p ro te in s  w e re  also  detec tab le . 
C uriously  th e re  w as a lso  a peak of fre e  NP a t a  high density  of 
1.325 g /m l w hich w as not observed  with the o th e r  d isrup ted  v iru s  
sam p les . T h is m ay be indicative of an N P-M etrizam ide com plex 
(Rickwood e t a l . , 1974a).
A shou lder of M pro te in  ap p ears  at 1.29 g /m l  and the p ro file s  of 
both M and NP suggest that f re e  v iru s  is a lso  s t i l l  p resen t a t 1.22-
1.23 g /m l. HA2 appeared  in a peak a t 1.25 g /m l .  The m ethod of 
Pons (1971 ) gave a good yield  of v ira l p ro te in s  a t typical v ira l RNP 
density  and is  the p re fe r re d  m ethod of the d e sc r ib e d  se ts  of 
d isrup tion  conditions.
In sum m ary , the d isrup tion  conditions h av e  a profound effect on 
the d is trib u tio n  of v ira l proteins^found as  f re e  p ro te ins in vRNP 
s tru c tu re s  and in whole v ir io n s . The g lycop ro te in s appear always 
to be sol.Jbilized. W hilst 10% NP40 tre a tm e n t produces much free 
p ro te in  and a high M:NP ra tio  in vRNP's d is ru p tio n  by the cocktail 
of d e te rg en ts  y ie ld s m ore vRNP but with le s s  M re la tiv e  to NP. A ll 
the m ethods suggest that s tru c tu re s  with a d en s ity  range between 
fre e  p ro te in  a t > 1.29 and the vRNP a t 1 .255 g /m l a re  alw ays 
p re se n t. Some whole v iru s  rem ains and a ll m ethods yield a 
significant p roportion  of f re e  in te rnal v ira l p ro te in s .
A fter its  in it ia l  ch a rac te riza tio n , M etrizam ide grad ien t 
centrifugation w a s  employed to  probe the state of v ira l p ro te ins 
p resen t in the n u cleu s. It w as hoped to determ ine if th e re  w ere 
one o r  m ore R N A -containing su b s tru c tu re s  at densitie s  between 
1.22 and 1.27 g /m l  which m ight be involved in the putative n u c lea r  
production and packaging of influenza v irion  RNA, to analyze the 
v ira l p ro te in  com plem ent of these s tru c tu re s  and to investigate 
the ir fate . In a l l  these stud ies it w as hoped to iso la te  the putative 
co re  s tru c tu re s  (see Section 2. 4 & 5 ) before th e ir  tra n sp o rt in to  
v irions.
3. The State o f  Newly Synthesized V ira l Proteins in the Nucleus
3. A. A C om parison  of the S tate of V ira l Proteins a f te r  Synthesis 
a t 2 and 5 hpi.
In one g ro u p  of experim en ts th ree  se ts  of conditions w ere 
investigated: (1 ) the d is tribu tion  of v ira l proteins sho rtly  a f te r  th e ir  
syn thesis a t 2 hpi , (2 ) that of v ira l p ro te in s  shortly  a f te r  th e ir  
syn thesis at 5 hpi and (3 ) the d is trib u tio n  of p ro teins at 5 hpi which 
w ere syn thesized  at 2 h a f te r  infection . Two events a re  in itia ted  
between these tim es . One is  the initial rapid rise in intracel iular 
infectivity  (3 l o g ^  between 2 and 4 hpi ; see F ig. 2/21 ). The o ther 
is -the a s s y m e tr ic  d istribu tion  of NP observed by im m unofluorescence
between cy top lasm  and nucleus. NP is  observed in itia lly  a t 2 hpi in 
the nucleus an d  subsequently  equalizes between the nucleus and 
cytoplasm  ( 3 j - 5  hp i)(see  Section 2. 2C ). to com paring the 
sta te  of v ira l p ro te in s  at the beginning and at the end of the period
when the la rg e  in c rease  in in tra c e llu la r  infectivity w as o ccu rrin g , i t  
was hoped to fin d  the co re  s tru c tu re  envisaged in Section 2 (and any 
o ther SVP w hich  might be p rese n t a t the ea rly  tim epoint but not the 
la te r  one ). Q uantitative d iffe ren ces in the proportions of p ro te in s  
in d iffe ren t s tru c tu re s  m ight be highlighted with an indication of 
th e ir  re le v a n c e  to v iru s  m ultip lication .
P u lsed a t 2hpi fo r 10 min andchased  fo r 20m in: Nuclei 
( a ) O N P  (b) ■  NS I
F ig . 3 /3  p rofiles obtained a fte r  M etrlzam ide cen trifugation  of 
Infected c e lls .
C ells  w ere infected fo r 15 min at room  te m p era tu re  and incuoated. 
A fter pulse and ch a se> the ce lls  w ere  fractionated  by NML and the 
nuclei and cytoplasm ic frac tio n s  layered  on to M etrizam ide . After 
cen trifugation , the g ra d ie n ts  w ere frac tiona ted  and the p ro te ins 
p rec ip ita ted  from  each f ra c tio n . T h e se w e re  p rep a red  and analyzed 
on 10% phosphate PAGE.

3 / 1 1
T able  3/1
Amount of newly syn thesized v ira l p ro te in s  p rese n t in the nuclei
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The D is tr ib u tio n  of V iral P ro te ins a t 2 hpi com pared with that a t 5 hpi
C e lls  w ere  infected with F P /R ostock  ( moi = 2 0 ) and incubated 
fo r 2 o r  5 h . The c e lls  w ere  pulsed  and chased fo r 20 min, n u c lea r 
m o n o lay ers  w ere p rep a red  and the nucle i w ere  rem oved  by sc rap ing , 
sh eared  and layered  on to 37% M etrizam ide . This w as cen trifuged  to 
eq u ilib riu m  a t 4° and frac tio n a ted . The re fra c tiv e  index of ev e ry  
th ird  f ra c tio n  w as m easu red  and the f ra c tio n s  w ere  then p rec ip ita ted  
with e th an o l and resuspended  in  sam ple  buffer . The sam ples w ere  
analyzed on PAGE. A fter f luo rography  the au torad iographs w ere  
scanned and peak heights d e te rm in ed . These a re  plotted aga in st 
M etrizam id e  density  in Fig. 3 /3  and 4.
At bo th  tim epoints NP and NS1 w ere  found predom inantly  a t a 
density  -  1 .3 0 g /m l  but th e re  w as a sign ifican t accum ulation of NP 
a t a d e n s ity  of 1 .27  g /m l a t 2 hpi. T h is  is indicative of an RNP 
s tru c tu re  with a h igher p ro te in  to  RNA ra tio  than the m ajo r RNP 
e x tra c ta b le  from  v irio n s (density , 1 .255 g /m l) .  At the la te r  
tim epo in t th e re  appeared  to be le s s  NP in th is s tru c tu re . NS1 a lso  
ap p eared  a s  a peak a t th is  density  (F ig . 3 /3 b ) and a f te r  the 5 hpi 
pu lse , when m a trix  p ro te in  w as d e tec tab le , it w as a lso  concen tra ted  
a t 1 .2 7  g /m l (F ig. 3 /4a ).
. In o r d e r  to obtain a c ru d e  quan tita tion  of th is  data, the OD between
1 .30  and  1.35 g /m l fo r each p ro te in  w as sum m ed and taken to be a
m e a su re  of i ts  fre e  and M etrizam id e  com plexed form  w hilst the OD
at 1 .2 6 - 1 .29 g /m l w as to ta lled  to prov ide a value fo r RNP s tru c tu re s
(Table 3 /1  ). T h ere  was co n s id erab ly  m ore of both newly syn thesized
NP and NS1 in the nucleus a t 5 hpi than a t 2 hpi, but m ost of th is
ex tra  accum ulation  appeared  a s  f re e  p ro te in . Thus, although the
p e rc en ta g e  of to ta l p ro te in  p re se n t a s  RNP fe ll from  18 to 11% for
NP and 45 fa 26% fo r NS1, the ac tu a l am ount of NP in RNP rem ained
the s a m e  w hilst NS1 in c re ase d  fro m  0 .3 7  to 0 .52  OD units. Though
the two p ro te in s  .p p e a re d  s im ila r  inthe above re s p e c t,  the d is tribu tion
betw een RNP and f re e  p ro te in  w as m arkedly  d iffe ren t. At 2 hpi, 45%
of NS1 w as p re se n t in an RNP w h ils t th is s tru c tu re  contained only
18% o f NP. M w as a lso  found a t the RNP density  (1. 27 g / m l ) (Table
3/1 and Fig. 3 /4a  ) but again m ost (70%) w as a t the density  of free
p ro te in .I+  must be stre sse d  th a t t h is  q u a n tita t io n  is  on a very 
c ru d e  b a s is  and cannot be used to  e s t a b lis h  accu rate  le v e ls .
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T able  3/3
Amounts of v ira l p ro te in sin  the nuclei a t 5 hpi a f te r  syn thesis a t 2 hpi
T im e of T im e of V ira l 
syn thesis  ana lysis pro tein
Scanned O D /24h  exposure 
T o ta l RNP F re e
%  of to tal 
in RNP
NP 4.23 0 .3 9 3 .84 9
NS I 0 .3 7 0 . 1 1 0.26 30
M 1.46 0 .3 6 1 . 1 0 25
NP 3 .3 0 0 .5 8 2.72 18
NS I 0 .8 2 0 .3 7 0.45 45

t  n
u£ * '•
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F u rth e r  fractionation  of the nuclei by iso tonic sa lt w ash to 
e x tra c t an 'RNP en rich ed ' fraction  gave the re s u lts  p resen ted  in 
Table 3 /2  (for an exam ple of p ro file s , see F ig. 3 /5  ) when the 
sam ples had been centrifuged and analyzed as  above. G enerally  
the p ropo rtion  of R N P-protein to to ta l pro tein  w as h igher, suggesting 
that the e x tra c tio n  m ethod did p roduce en richm en t in RNP's 
(M onachan and Hall, 1975 ), but m ore  in te restin g ly  th is ex trac tio n  
d istingu ished  a fu rth e r  s tru c tu re  a s  a shoulder a t 1.23 g /m l which 
w as not re so lv e d  in whole nuclei. T his could possib ly  be an RNA- 
r ich  Ri\P o r  v ira l RNP in asso c ia tio n  with ch rom atin  (which thymidine 
labelling  shows is  always p rese n t in  th is f ra c tio n ). This s tru c tu re  
w as p re se n t only in very  sm all am ounts a t 2 hpi, but in m uch la rg e r  
am ounts a t  5 hpi when it  contained 13% of to ta l NP, 19% of NS1 and2 |^  of M 
(T ab le  3 /2 'T h e  possib ility  that th is  s tru c tu re  is  an a r te fa c t produced by 
the sub fractionation  in stripp ing  som e p ro te in s  from  the m ore  dense 
RNP is  un likely  since it w as not possib le  to obtain a sign ifican t 
am ount o f this lig h te r com ponent from  2 hpi sam p les . U nfortunately 
it w as no t possib le  to com pare quantita tively  the values determ ined  
fo r su b s tru c tu re s  from  d iffe ren t 'RNP en ric h ed ' frac tio n s  since the 
effic iency  of ex trac tio n  varied  w idely from  sam ple to sam p le . This 
w as probab ly  due to the difficulty  in defining and reg u la riz in g  the 
d eg ree  of sh earin g  applied to the nuclei by vortex ing  in the 
p re p a ra tio n  of these frac tio n s.
It would have been of considerab le  re levance to ana ly se  the 
d is trib u tio n  of the P p ro te in s  betw een these s tru c tu re s  but th is was 
not p o ss ib le  due to the sm all am ount of rad ioac tiv ity  incorporated  in 
these p ro te in s , its  dilution by the cen trifugation  and the p resence  of 
obscu rin g  host p ro te in s  on the g e l.
D istribu tion  a t 5 hpi of p ro te ins syn thesized a t 2 and 5 hpi
The p ro file  of the long ch ase  (Fig. 3 /6  and quantita tion  table 
3 /3  ) show s that little  NP (9%) is  banding a t 1 .27  g /m l, only 45% 
of the NS1 synthesized at 2 hpi is  left in the nucleus and even less 
a t that density  (30% com pared w ith 45% a t 2 h p i ) w hilst m a trix
?
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p ro te in  appears p redom inan tly  (75%) fre e  o r  M etrizam ide com plexed. 
Thus it seem s that the v ira l RNP p rese n t a t 1 .27 g /m l a t 2 hpi has 
d isappeared  a f te r  chasing  to 5 hpi though th e re  is  s ti ll  a la rg e  amount 
of p ro te in  p re se n t a t d ensity  >  1.30 g /m l. T here w as no evidence 
fo r  any rem ain ing  1.23 g /m l  s tru c tu re  a s  an RNP ex tra c tio n  yielded 
only NP at high density . It is  cu rious that m atrix  p ro te in  should be 
observed  since it is only ju s t  being syn thesized a t 2 hpi and m ust 
p resum ably  be due to its  sy n th e s is , subsequent to the pu lse , from  
the pool of rad ioactive  m eth ion ine. This has been observed  before 
(see  Fig. 2/11 ). A lte rn a tiv e ly  th is m ight re p re se n t M p ro te in  in the 
cy top lasm  which has slow ly accum ulated  in the nucleus,though th is 
is  unlikely due to  the tim ing .
3. B. C om parison of the S tate  of V iral P ro te ins between 3^ and 6 hp i
F rom  the foregoing p a r t,  it appeared  that d iffe rences could be 
observed  in vRNP su b s tru c tu re s  between tim es which lay befo re  and 
a f te r  the rap id  r is e  in in fec tiv ity  in the v iru s  m ultip lication  cycle.
In o rd e r  to follow the a s sem b ly  and m ovem ent of these su b s tru c tu re s  , 
a sing le pu lse tim e w as se le c te d  and a s e r ie s  of cu ltu re s  w ere  chased 
fo r  varying lengths of tim e . The c u ltu re s  w ere then frac tio n a ted  into 
nucleus and cy top lasm  and p ro ce ssed  on M etrizam ide g ra d ie n ts  as
befo re . So that the su b stru c tu re s  could be followed outside the
-* . analyzed
nucleus if th is o cc u rre d , bo th  n u c lea r and cy top lasm ic  fractions were /
on the g rad ien ts , although a n a ly s is  of the latter is  com plicated
by the v a rie ty  of s tru c tu re s  p re s e n t ,  p a rticu la rly  m em b ran es and
polysom es.
At 3g hpi the sy n th esis  o f m atrix  p ro te in  is in p ro g re s s  and v iru s  
syn thesis  is  exponential. Since the d istribu tion  of m atrix  p ro te in  w as 
of in te re s t, th is  tim epoint w as chosen fo r  fu rth e r  study w ith  chase 
tim es  from  5 m in to 2 j  h.
A num ber of p rob lem s w ere  encountered  in these ex p e rim en ts  
which resu lted  in le s s  c le a rc u t observa tions than in 3. A. T here was 
a very  la rge  ex c ess  of p ro te in  synthesized at these tim epo in ts which 
banded a t a density  g r e a te r  than 1.30 g /m l and th is ren d e red  
d ifficu lt the an a ly sis  of the RNP density  range in which com paratively
1 '
Fit;. 3 /7  P rofiles obtained a f te r  M etrizam ide centrifugation  of Infected 
c e l ls .  Pulsed a t 3 j hpl fo r 10 min and chased  for up to 2 h: 
NP (a) in nucleus a f te r  ch ase : O 5m in
•  20 min
□  r>0 min
■  150 min
(b) E n la rg m en to f scanned OD sca le  ov er 1 .3 0 -1 .2 0  g /m l 
density  ran g e .
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lit tle  p ro te in  w as found. As m entioned e a r l ie r ,  the ex traction  
efficiency fo r ’RNP en rich m en t' appeared  to v a ry  , which precluded 
its  use in m onito ring  the 1 .2 3 -1 .2 4  g /m l RNP com plex. The 
d istinction  of su b s tru c tu re s  may a lso  have been obscured by the 
in c reasin g  asynchrony  in the v iru s  grow th cy c le  as  m ultiplication 
p ro g re ssed  and the v ariab ility  of the ce ll c u ltu re s , although partly  
overcom e by the u se  of frozen  ce ll batches of known v iru s uptake 
efficiency, w as s t i l l  a p rob lem . F in a lly  the p resence  of a varie ty  
of o the r s tru c tu re s  in the cy toplasm  w ith d e n s itie s  in M etrizam ide 
of 1 .2 0 -1 .3 5  g /m l such a s  m ic ro so m al nem branes (1. 14- 1 .26 g / m l ), 
ribosom es (1 .305 g / m l ) and polysom es (1 .35  g /m l )  com plicates the 
in te rp re ta tio n  of the r e s u lts .  The re s u lts  fro m  this section a re  thus 
ten tative, re ly in g  on the am ount of a p ro te in  a t  a density  
c h a ra c te r is tic  of the RNP rep rese n tin g  its  p re se n ce  in that s tru c tu re  
ra th e r  than on p o sitiv e  peaks a t these  d e n s itie s .  The situation at 
the e a r l ie r  tim epo in t (2 hpi ) and the c le a re r  p ro files of RNP peaks 
observed  suggest that these  may be genuine structures which a re  
re levan t to the v iru s  grow th cycle .
D istribution  of P ro te in s  in the N ucleus
Fig. 3 /7  p re se n ts  the d is trib u tio n  of NP in the nucleus a t 5, 20,
6Q and 150 min a f te r  its  syn thesis  du ring  a 10 min pulse at 3^ hpi.
A la rge  p ropo rtion  of the pro tein  ap p e a rs  a t d en s itie s  g re a te r  than
1.30 g /m l (Fig. 3 /7 a  ) indicative of fre e  p ro te in  and p ro te in -M etrizam ide 
com plexes. T h e re  is  a considerab le  in c re a se  in this fraction  from  5 to 
20 min following the pu lse, but th e re a f te r  the levels rem ain  fairly  
s tab le . The d iffe ren ce  in values a t RNP d e n s itie s  in Fig. 3 /7a is 
obscured  by the sc a le  com pression  req u ired  to incorporate the high 
density  peak, thus F ig . 3 /7b  i l lu s tra te s  an am p lifica tion  of the 1 .20-
1.30 g /m l d en sity  range . At the d en s itie s  a t  which peaks w ere found 
in 3 .A ., 1 .27  and 1.24 g /m l, som e d iffe ren ce s  w ere observed . The 
level of NP a t 1 .27  g /m l ro se  40% between 5 and 20 min a f te r  
syn thesis  but subsequently  fell to below its  in itia l value a t 60 and 
150 m in. A fu r th e r  d iffe rence w as observed  at 1 .23 -1 .24  g /m l 
when the levels of NP rem ained a t a stab le value until a f te r  20 min 
w hereupon it d ropped to 50% of th is  value a t  60 min and 30% at 150 m in.
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P ro files obtained a fte r  M etrizam ide cen trifugation  of infected c e lls .
F ig . .3/8 Pulsed at 3^ hp ifo r 10 min andchased  fo r  up to 2' h:
M in nucleus.
F ig . 3 /9  Pulsed at 3 j  hpi fo r 10m in and chased  fo r up to t>0 m in: 
NSI in nucleus.
O 5m in chase  
•  2 0 min chase 
O 60 min chase  
■ iSOmin chase
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M atrix  p ro te in  p ro file s  (Fig. 3 /8  ) show only sm all changes over
the chase  period . T h ere  w as gen era lly  a ?■ m a ile r  p roportion  of M
p rese n t , f re e  o r  com plexed with M etrizam ide,com pared  with NP
but m ost of the M w as p re se n t at high d en s itie s  (1 .30  upw ards ).
This am ount d ec reased  fro m  5 to 60 min of chase , but reached  its
h ighest level 2^ h a f te r  sy n th es is . The am ount at 1 .27  g /m l
in c reased  slightly  in le v e l between 5 and 20 min, fe ll a t 60 and had
r ise n  again  a f te r  150 m in of chase . It is  doubtful w hether these
changes (20% o r  le s s  ) a r e  significant. At 1.23 g /m l the level of M
d ec re a se d  from  5 to 60 m in a f te r  syn thesis, falling  by som e 50% of
its  in itia l value and rem ain ed  a t th is low level up to 150 m in.
NS 1 is  p re se n t in sm a ll am ounts in the nucleus (F ig. 3 /9  )
35com pared  with M and NP (at leas t by re la tiv e  [ S ] -m ethionine 
incorporation  ) and it w as not always detectab le a f te r  150 min of ch ase . 
Again m o st NS1 in the nucleus at a ll tim es o ccu rred  sp read  diffusely 
over d e n s itie s  in e x c esso f 1 .30 g /m l.  T here w as som e reduction in 
th is NS1 between 5 and 20 min chase w hilst the am ount a t 1 .27  g /m l 
doubled bet.veen 5 and 60 min. V ery little  varia tion  w as observed in 
the lev e ls  a t 1 .24 g /m l .
In sum m ary , m o st of the v ira l p ro te in s NP, M and NS1 a re  p re se n t
a t a d ensity  c h a ra c te r is t ic  of fre e  and M etrizam ide com plexed protein
in the nucleus a t a ll of the tim es studied. However, th e re  a re  sm all
am ounts of these p ro te in s  which com igrate  a t 1 .27  g /m l and at 1 .23-4
g /m l and which m ay th e re fo re  be in RNP com plexes. At 1 .27 g /m l
in itia lly  NP and M a r e  p rese n t a t 5 and 20 min a f te r  p ro te in  syn thesis  
i n amount
subsequently  to dec I i ne /  by 60 m in. NS1 ap p ears  at that density  with
slow er k ine tics rea ch in g  its  m axim um  value a t 60 min and similarly is 
amount
reduced in /  la te r  in the cycle . At 1 .2 3 -1 .2 4  g /m l both NP and M a re  
in itia lly  p re se n t, but their levels also drop a f te r  a 60 min ch ase . 
D istribu tion  of P ro te in s  in the Cytoplasm
In the cy toplasm  NP, m atrix , NS1 and HA2 w ere  p re se n t in 
sufficien t co n cen tra tio n  to be analyzed. The p ro file  of NP (F ig . 3 /1 0  ) 
showed a rem ark ab ly  s im ila r  p ro file  fo r 5, 20 and 150 min chases 
w hilst that at 60 m in showed m ore free  NP and co rrespond ing ly  le ss
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P rofiles obtained a f te r  M étrizam ide cen trifugation  of infected cell::. 
F ig , 3 /1 0  Pulsed a t 3 j  hpi for 10 min and chased  fo r up to 2^ h:
N’P in cy top lasm .
Métrizamide density ( g / ml )
F Ig. 3 / 11 P u lsed a t 3 j  hpi for 10 min and c h a se d fo r  up to 2] h: 
M incy top lasm .
O 5 min chase 
•  20 min chase 
□  60m in chase 
■  150 min chase
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P ro file s obtained a f te r  M etrizam ide cen trifugation  of infected cell . 
F ig . 3 /1 2  Pulsed a t 3 j  hpi fo r  10 min and ch ased  fo r up to  2 i f .
N’SI in cy to p la sm .
Metrizamide density ( g / m l )
^ ig .  3 .13  Pulsed at 3^ hpi for 10 min and chased  for up to  2j h: 
HA2 in cy top lasm .
G 5 min ch ase  
•  2 0 min chase  
□  6 0 min ch ase  
■  150m in chase
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a t the d en s itie s  of the com plexes. The d iffe ren ce  in p ro file  at a ll 
points between 1.30 and 1 . 2 0 g /m l suggest tha t th is  re su lt  may have 
been due to som e abnorm ality  in th is p a r tic u la r  cu ltu re  and the 
phenomenon w as not repeatab le  in o the r e x p e rim en ts . Thus the changes 
in the sta te  o f NP in su b s tru c tu re s  in the cy top lasm  a re  sm all o v er the 
chase period and the bulk of the pro tein  rem a in s  f re e  o r  com plexed 
with M etrizam ide .
In c o n tra s t to those  of NP, the p ro files of m a tr ix  p ro te in  in the 
cytoplasm  (F ig . 3/11 ) vary  considerably  o v e r the chase  period . 20 
min a f te r  the sy n th esis  of the p ro te in s 70% m ore  is p re se n t a t 1 .27 
g /m l than at the 5 m in  tim epoint.and this leve l is  m aintained a t 60 min 
but has fallen  back to the low er level 2 ^ h a f te r  syn thesis  of m a trix  p ro te in , 
p ro te in . T here  is  a m arked reduction in the am ount of free  pro tein
(density
2 1.30 g /m l ) p re se n t a f te r  20 min; indeed the la rg e s t peak a t 60 min 
chase is  a t 1 .27  g /m l  and a t that point M is  divided evenly between 
1 .2 0 -1 .3 0  g /m l and h igher d en s itie s . T h ere  is  no evidence of any 
significant a l te ra t io n  in the levels a t 1.24 g /m l  but the re  is a slight 
peak of rad io ac tiv ity  at 1.255 g /m l a f te r  5 m in of chase  which is  also  
observed fo r  NS1 (see  below ) at som e tim epo in ts.
The p ro file s  of NS1 (Fig. 3 /12 ) show that the to ta l am ount of 
protein r i s e s  betw een 5 and 20 min a fte r  sy n th e s is  but falls th e re a fte r.
The bulk of NS1 a p p e a rs  to be f re e  (density s  1 .30  g / m l ) un til a f te r  
20 min of chase , and by 60 min the pro file  is  m axim al a t 1.28 g /m l 
with a shoulder a t 1.255 g /m l. I s  h la te r  the d is trib u tio n  has re tu rned  
to favour the h ig h e r d e n s i t i e s .  The value a t  1 .2 7 -1 .2 8  g /m l increased  
to 180% by 60 min and subsequently fell to 60% of that at 5 min a fte r  
syn thesis . S im ila rly  the am ount of NS1 a t 1.255 g /m l ro se  to a 
maximum (160% of 5 min values ) 1 h a f te r  i ts  sy n th esis  and fell to 
50% a f te r  2 j  h.
HA2 followed a ra th e r  m ore c lea rly  defined  path (Fig. 3 /1 3 ) . At 
5 min a f te r  sy n th esis  at 3^ hpi the re  was li t t le  p re se n t in the cytoplasm  
but the am ount ro se  to a m aximum value 15 min la te r  which was
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m aintained a t 60 m in a f te r  syn thesis but fell co n sid erab ly  ov er the 
next l i  h. A t 20 min a f te r  syn thesis  the bulk of HA2 appeared  at 
1 .3 0 g /m l though th e re  was a shoulder of ac tiv ity  a t 1.255 g /m l .  By 
60 min of ch a se  the peak had becom e shifted to th is  density  with 
much le ss  HA2 a t  h igher d en s itie s . 1 j  h la te r  the to ta l am ount of 
HA2 w as m uch reduced  and m ost of what w as left was at the density  
of free , unglycosy la ted  p ro te in . G lycosylated p ro te in s  a re  thought 
to band a t about 1 .25 g /m l as  does HA2 from  d isru p ted  v irio n s (Section 3. 2A)> 
thus these p ro f i le s  might illustrate the production of HA2, via c leavage, from  
the HA p r e c u r s o r ,  its  glycosylation and finally  lo ss  from  the ce ll, 
p resum ably  in v ir io n s . In ano ther experim en t, it appeared that the v iru s  
grow th cycle w as  re ta rd ed  and a peak of HA2 w as observed  a t a density  
c h a ra c te r is tic  of f re e  v iru s (1.21 g / m l ) a f te r  chasing  fo r 2 j  h. This 
would ap p e ar to  be a t a stage between the 1 h and 2 j  h p ro files  
illu s tra te d  in F ig . 3/13.
However, th e re  is  an a lte rn a tiv e  explanation a r is in g  from  the 
observation  of peak s of both M and NS1 at 1. 255 g /m l, along w ith HA2.
These th ree  could  thus be p rese n t in the form  of a com plex.
In the cy to p lasm  com plexes a t 1 .27 g /m l and 1.255 g /m l but not
1.24 g /m l a r e  ten tatively  suggested by these M etrizam ide p ro file s .
At 1.27 g /m l M and NS1 w ere  p rese n t and the p re se n ce  of NP cannot 
be excluded. T he g re a te s t am ounts of M and NS1 appeared  a t th is 
density  60 m in  a f te r  syn thesis and these p ro te in s  d ec reased  in am ount 
in the follow ing I 5 h. T here  was no c le a r  indication  of a concentra tion  
of v ira l p ro te in s  a t 1.24 g /m l as  appeared  in the nucleus but, unlike 
the nucleus, som e suggestion of v ira l p ro te in s  M and NS1 w as noted at
1.25 g /m l. HA2 also  banded at th is  density  but since the m em brane 
bound g lycosy la ted  protein  has a s im ila r  d ensity  th is technique w as 
unable to re so lv e  unam biguously the s ta te  of HA2.
D i scuss ion
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Structures from disrupted virions resolved by Metrizamide
The Metrizamide gradient analysis revealed that all the 
disruption methods resulted in a considerable proportion of viral 
proteins banding between 1.25 and 1.29 g/ml, densities characteristic 
of protein rich RNP's. The principle uridine labelled RNA band was 
at 1.255 g/ml, in agreement with Hudson et a I. (in press) which could 
be taken to be an NP containing RNP. RNP's at higher densities can 
be assumed to have a higher protein content (Rickwood and Birnie 
1975) and the finding of M at these densities suggests that SVP's 
containing M protein must be produced. An SVP of this type has been 
described by Reginster and Nermut (1976) after fixing and 
subsequently disrupting spikeless particles whilst Skehel (1971) 
showed an association of M protein with SVP's produced by DOC 
treatment. Whether this is a stable structure and whether it is 
involved in the virus multiplication cycle in vivo has not been 
determined.
Skehel (1971) found that DOC treatment completely removed the 
glycoproteins and these were also absent from the cores of Reginster 
and Nermut (1976). The finding of HA2 concentrated at a density of
1.25 g/ml is consistent with these findings since free glycoproteins 
are found at these densities.
Structures from infected cells resolved by Metrizamide
Results have been presented which suggest the presence of 
structures containing viral proteins and,by implication, RNA in the 
nuclei of infected cells. It is possible to evolve a general plan 
of assembly and movement of these complexes which is consistent with 
these results. However, the evidence for these viral substructures 
is weak, and of its own account, does not justify more than 
tentative suggestions. With these provisos in mind, I shall bring 
together the salient features of this analysis.
In almost all instances the major proportion of viral proteins 
were found at densities > 1.29 g/ml. This is the density range in 
which free protein is found, but it is now clear that Metrizamide 
forms complexes with protein which band at densities from 1.29 to 
1.50 g/ml (Rickwood et a I., 1974). These are reversible interactions 
and variable in extent. It seems likely that Interactions between 
other structures and Metrizamide are also possible which might lead 
them to exhibit a high and variable density. This would explain the 
absence of large concentrations of NP containing RNP's in the cyto­
plasm as discussed below. However, despite the variable profiles 
at high densities, regular profiles of viral proteins
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In Che density  ran g e  1 .2 0 -1 .3 0 g /m l w ere  obtained. These prof i les might 
possibly re p re s e n t  v ira l  s tru c tu re s  found in the infected c e ll( 
though th e ir  q u an tita tio ^  e sp ec ia lly  with re sp e c t to  f re e  p ro te in s  (is not re liab le .
In the stud ies  rep o rted  above .there  w ere th ree  d e n s itie s  exhibiting 
a concen tra tion  of v ira l p ro te in s  and it is on the b as is  so le ly  of 
com igration  on M etrizam ide g rad ien t that the ex istence  of p a rtic u la r  
s tru c tu re s  is  in fe r re d .Extensive further analysis including, for 
/  ceT ftnfligatm i i s yreq u ired  to confirm  that these p ro te in s  a r e  in a 
single s tru c tu re . The th ree  d en s itie s  a re  1.27, 1.25 and 1.23 g /m l.
The fo rm e r is  indicative of a p ro te in  r ich  RNP since f re e  protein  
bands a t 1 .29  g /m l and above, w h ilst fre e  vRNA is found to band a t
1. 15 g /m l (Hudson et a l . , In p re s s  ) and com plexes containing 
d iffe ring  p ropo rtions of RNA and p ro te in  band in betw een. The m ajo r 
RNP of the v iru s  is found a t 1.255 g /m l and the s tru c tu re  observed in 
g rad ie n ts  from  infected  c e ll e x tra c ts  m ight be s im ila r .  However, 
both s tru c tu re s  inco rpo ra ting  m em branes and fre e  g lycop ro te in s band 
at this density . The 1.23 g /m l fraction  m ight re p re s e n t a p rotein  
defic ien t vRN’P although 1.23 g /m l is  c lose  to the density  of a chrom atin  
band found in th is  and o th e r s tud ies (Bimie e t a l . , 1973; Rickwood e t a l . ,
1974 ) and m ight ind icate the asso c ia tio n  of fre e  v ira l p ro te in  o r  a 
s tru c tu re  containing v ira l p ro te in s  with the ce ll DNA.
The A ppearance of SVP's in the Nuclei of Infected C e lls : 1.27 g /m l
A fter a pu lse a t 2 hpi, NP and NS1 a re  c le a rly  re so lv e d  in peaks which1"/^ 
a t  1.27 g /m l and chase  out by 5 hpi. Synthesis of v ira l p ro te ins at 
5 hpi leads to a s im ila r  coincidence of v ira l p rotein  p eak s but M is  also  
apparen t. A fter syn thesis  at 3 j  hpi, NP and M appear t o  chase i s /
SVP up to 20 m in. By 60 min th is accum ulation is  no longer apparen t.
NS1 a lso  ap p e a rs  a t th is  density , but peaks a t 60 m in and is not apparent 
a f te r  a 2 j h ch ase . It is  a s tru c tu re  of th is density  w hich would form  a 
likely candidate fo r the M -containing co re  postu lated  in Section 2 , since 
it contains M, NP and RNA, ap p e a rs  rap id ly  (within 15 m in )(and then 
d isa p p ea rs . However, NS1 is  a lso  p rese n t at th is  d en s ity . If th is is 
the putative c o re  s tru c tu re , se v e ra l explanations a re  possib le :
(1 ) NS1 may be u tilized  in assem bling  the SVP, only to be left within 
ihe nucleus when the p a r tic le  is  tran sp o rted  out. The k ine tics of NS1 
accum ulation a t th is density  a re  d iffe ren t from  those of M and NP.
(2 ) T here  m ay be s e p a ra te  s tru c tu re s  of NP, M and  RNA and NP,
NS1 a id  vRNA. This explanation  is  a t tra c t iv e  a s  it is  consisten t 
w ith the d iffe ren t k in e tic s  of NS1 accum ulation and accoun ts fo r the 
absence of a sh ift in d en s ity  which would be expected  if  NS1 becam e 
asso c ia te d  with a p re -e x is itin g  com plex of M and NP. It is a lso  
co n sis ten t w ith the ap p earan ce  of NP and NS1 a t th is  density  at 2 hpi 
when the syn thesis  of M is  too low to be d e tec tab le .
T h is is, how ever, no m ore than a p re lim in a ry  and tentative 
suggestion  that such a com plex m ay ex is t in the in fec ted  c e ll. T here 
is  no d ire c t evidence tha t NP and NS1 o r  NP and M a r e  p resen t at this 
d en s ity  in single s t ru c tu re s .  T h ere  is  no d ire c t ev idence that RNA 
is  p re se n t in these pu ta tive  SVP’s and none that i t  i s  vRNA. The 
ev idence that any such SVP’s a re  involved in the infection  cycle is  
c irc u m sta n tia l and th e re  is  no quantita tive b as is  fo r  th e ir  ro le .
The A ppearance of V ira l P roteins in the Nuclei of Infected C ells at 
1 .23  g /m l
T h ere  w as no ind ication  of an accum ulation  of v ir a l  p ro te ins at 
a t  1 .23  g /m l 2 h a f te r  infection . At 33 hpi NP and M w ere p rese n t at 
5 and 20 m in a f te r  sy n th e s is  but levels had fa llen  away 40 min la te r . 
NS1 w as not observed  un til 20 min a f te r  sy n th esis  a t 5 hpi and appeared 
toge ther w ith NP and M. The re levance of these  o b se rv a tio n s is  not 
c l e a r .  A gain,if th is accum ulation  is  caused by a s t r u c tu re ,  it appears 
to ch ase  away betw een 20 and 60 min a f te r  its  a s se m b ly . It m ight be 
caused  by vRNP's contain ing  an ex cess  of RNA o r  possib ly  due to an 
asso c ia tio n  of v ira l p ro te in s  o r  v ira l s u b s tru c tu re s  with chrom atin  
w hich gains c irc u m s ta n tia l support from  the ab sen c e  of such a 
s tru c tu re  in the cy top lasm . F u rth e r  c h a ra c te r iz a tio n  on velocity 
g ra d ie n ts  would d e te rm in e  w hether it w as a s in g le  s tru c tu re , but the 
am ount p re se n t w as too sm all fo r such an a n a ly s is .
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The A ppearance of V iral P roteins in the C ytoplasm  of Infected C ells
The M etrizam ide  studies w ere  extended to the  cy toplasm  fo r the 
3 j hpi se t of ex p e rim en ts  in an attem pt to follow putative vRNP's 
into th is co m p artm en t. However, the com plexity  of s tru c tu re s  
p resen t in the cy top lasm  with d en sitie s  in the ran g e  of in te re s t 
rendered  in te rp re ta tio n  very  difficult. The p ro b lem  of variab le 
density of m em b ran es and the position of po lysom es and ribosom es 
a ll com plicated the  overa ll p ic tu re .
The p ro files o f NP w ere rem arkab ly  s im ila r  fo r a ll the chase  
tim es exam ined a f t e r  3^ hpi. T his is co n s is te n t w ith the theory  that 
SVP struc tu res m ay  be rapidly transpo rted  from  nucleus to p lasm a 
m em brane and in co rp o ra ted  into v irions . However, there is considerable 
evidence for NP containing RNP structures from sucrose gradient 
analyses of the cytoplasm (Compans, 1973; Klenk et al.,1974; Hay,1974; 
Krug, 1971,1972). This suggests that the absence of such structures
in this study arises from some other cause of which the most likely 
is complexing with Metrizamide resulting in an increase in apparent
den&yiyshows predom inantly  a t d en s itie s  > 1 .2 9  g /m l which may re flec t 
its  associa tion  w ith  ribosom es (1.305 g / m l ) and polysom es (1 .3 5 0 ) 
but might also  r e f le c t  com plexing with M e trizam id e . At low er 
d en sitie s , a peak of NS1 at 1.28 g /m l developed by 60 min, and a 
shoulder a t 1 .255 g /m l which w as reduced by 150 m in, w hilst the 
profile of M ind icated  s im ila r  accum ulations. No accum ulation  at 
1.23 g /m l like th a t found in nuclei was o b se rv e d . It is  difficult to 
in te rp re t the re le v an c e  of these observa tions due to the low level of 
M and NS1 p re s e n t  in the cytoplasm , the ap p a ren t lack  of involvem ent 
of NP and the com plex itie s of s tru c tu re s  in the cy top lasm . It is  possib le  
th a ta l.2 7  g /m l com plex of M and NS1 is  p re se n t a t 20 to 60 min a f te r  the 
syn thesis of th e se  pro teins and th is might have orig ina ted  in the nucleus. 
There Is no evidence for NP at this density which, together with 
the Results of Section 2; suggest that this Is not the case.
S V P 's  in  Infected C e lls
Studies in th is  a re a  a re  ham pered  by the lack of a m ethod of suff icient
unambiguous
and /  re so lu tio n  and the com plexity  of host com ponents in the 
ce ll. The cy top lasm ic  s tu d ies  using su c ro se  g rad ie n ts  g en e ra lly  
rep o rt NP and som etim es the P p ro te in s  a t an in te rm ed ia te  density  
am ongst the cy top lasm ic f ra c tio n s  and it is  suggested  that this 
re p re se n ts  SVP's containing RNA sed im enting  f re e ly  a t th e ir  density  
ra th e r  than in  asso c ia tio n  w ith any c e llu la r  s tru c tu re s  (Com pans, 1973; 
M e ie r-E w ert and Coinpans, 1974; Klenk e t a l . , 1974; Hay, 1974).
A nalysis of RN P's from  d isru p ted  v irio n s  on su c ro se  g rad ie n ts  has 
shown them  to  be heterogeneous (D uesberg, 1969; K ingsbury and 
W ebster, 1969; Pons, 1971 ), but stud ies  of v ira l RN'P s tru c tu re s  in 
infected c e lls  have not led to any c le a r  p a tte rn  of behav iour. RNP's 
have been observed  in both nucleus and cy top lasm  (Pons, 1971; Krug 
1971, 1972 ) and a su b stan tia l p roportion  of cy top lasm ic RNP's contain  
cRNA. Pons (1972 ) found that polysom al v ira l RNA w as com plem entary  
to the v irio n  and v/as p re se n t in RNP's which contained both NP and NS1. 
The la rge  am ount of NS1 and NP in the polysom al d ensity  (1 .35 g / m l ) 
may r e p re s e n t  these RNP's. Krug (1972 ) w as draw n to the conclusion 
that vRN P's in the nucleus did move into the cy top lasm , which is  in 
ag reem en t w ith  the appearance of a pu ta tive com plex a t 1 .27  g /m l in 
this study in both nucleus and cy top lasm  together. A ssadu llaeff e t a l .
(1975 ) re p o r te d  a 120 S po ly m erase  com plex in the nucleoplasm  of 
infected c e lls  which contained NP. The com plex functioned late in 
infection and w as in sen sitiv e  to AM D,from  which they deduced that it 
was syn thesiz ing  vRNA. They ten ta tively  suggested  that th is m ight 
chase into the cytoplasm  and b reak  up into the 50-60  S s tru c tu re s  
which co rresp o n d ed  to v irion  RNP’s, a l l  of which contained NP. The 
120 S s tru c tu re  m ight co rresp o n d  to the 1.27 g /m l accum ulation 
observed in the p re se n t study, w hilst the 1.255 g /m l peak in the c y to ­
plasm  m ight be the 50 S com plex since both exhibit som e s im ila r it ie s  
with v irio n  RN P's. However, the re s u lts  of A ssadu llaeff e t a l . 
a re  e q u iv o c a la n d th e y d id li ttfe to c h a ra c te riz e  th e ir  s tru c tu re s . It is  not 
c le a r, fo r  exam ple , w hether the com plexes contain v o r  cRNA.
It is  a com m on difficulty  in reviewing stud ies of th is  s o r t  that 
com parisons between them  a re  ren d e red  alm ost im possib le  by 
d iffe ren t m ethods of an a ly s is . The behaviour of R N A /protein  com plexes 
in velocity  g rad ie n ts  a f te r  fixing (Krug, 1972; A ssadu llaeff e t a l . ,
1975 ) and unfixed (Pons, 1972 ), in equilib rium  g rad ie n ts  of g lycero l 
(Pons, 1972 ), caes iu m  ch lo ride  (Krug, 1972; A ssadullaeff e t a l . ,
1975 ) and M étrizam ide give r is e  to data which cannot e a s ily  be 
co -o rd in a ted .
5. Conclusion
The re su lts  of th is study indicate ten tatively  that v ira l RNP 
com plexes containing M as w ell a s  NP may be reso lv ed  by d isrup ting  
v ir io n s , and that v ira l RNP com plexes containing NP, M a n d /o r  NS1 
m ay be reso lved  from  infected c e lls . The relevance of these  
pu ta tive SVP's to the v iru s  grow th cyc le is  not c l e a r ,  though the ir 
appearance is in basic  ag reem en t w ith the movem ent of v ira l 
com ponents suggested  in Section 2.
However, th is study shows that M etrizam ide ana ly sis  of infected 
c e lls  is  com plicated  by incom plete separation  of com ponents, by 
cosedim enting of d iffe ren t s tru c tu re s  (such as g lycopro te ins and viral 
R N P's of 1.25 g /m l ) and by variab le  associa tion  of p ro te in s  with 
M etrizam ide itse lf , leading to com plexes at h igher d e n s itie s . Though 
the technique can dem o n stra te  the ex istence of such SVP’s, it is unable 
to re liab ly  quantify them , espec ia lly  w ith re sp e c t to th e ir  content of 
v ira l  p ro te in s . The technique, as applied in this study, has failed 
to resolve unambiguously the questions posed of it.
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APPENDIX 
1. Introduction
The u se  of iso lated  su b ce llu la r fractions has  been invaluable in the 
understanding of the m echan ism  of function of eukaryo tic  c e lls .  The 
d istribu tion  of m o lecu lar sp e c ie s  between ce ll co m p artm en ts ,m easu red  
a f te r  separation  by su b cellu lar fractionation  techniques, has thrown I ight on 
the function and ro le s  of th ese  sp e c ie s . At v e ry  le a s t it p rovides a 
basis  fo r the study of the location  and m ovem ent of the entity  under 
in v e stig a tio n  about which fu r th e r  theories can be c rit ic a lly  exam ined 
and te s te d . Subcellular o rg an e lles  have been u sed  to study p a r tic u la r  
a re a s  of c e ll  m etabolism  in iso lation  such a s  m itochondria  for oxidative 
phosphorylation and fatty  ac id  oxidation, nuclei fo r rep lication  of DNA, 
tran sc rip tio n  and m odification of RNA.
C ell fractionation  has brought to viro logy th e  ability  to devise a 
schem e of v irus Infection of the host c e ll around  which function and 
then co n tro l of v ira l com ponents can be e lu c id a ted . Cell fractionation  
to produce nuclei is of g re a t p o ten tia l value in studying the m ultip lication  
of influenza v iru s since  th is has  an absolute req u irem en t fo r a functional 
nucleus (Barry e t a l ._ 1962; Kelly and D im m ock, 1974; F o lle tt et a l ._
1974). The isolation of th is o rganelle  and the analysis of the v ira l 
com ponents which a r e  tran sp o rte d  th e re  and m ay subsequently re tu rn  to  
the cy toplasm  a re  key fea tu re s  in the understand ing  of the nuclear 
req u irem en t.
C ell fractionation  has a lre ad y  highlighted s e v e ra l fea tu re s  of the 
influenza v irus g ro w th cy c le . A few exam ples w ill illu s tra te  this po in t.
Input RNA rapidly  asso c ia te d  with the nucleus a f te r  infection (Stephenson 
and Dimmock, 1975 ) a s  do newly syn thesized  NP, M. NS1 (Taylor, H am pson 
and W nite, 1969; L azarow itz e t a l . . 1971) though they have not been 
observed  to re tu rn  to the cy top lasm  (Hay and Skehel, 1975; Krug and 
Etkind, 1973).
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A . P roblem s of C ell F ractionation
T urn ing  to the m ethods of su b ce llu la r fractionation  used to iso late  
n u c le i> th re e  p rob lem s can be defined. T h e  f ir s t  is hom ogeneity of 
the c e lls  from  the in itial sam p le . In the c la s s ic a l  fractionation  sy s tem s , 
liv e r  was the m o st widely studied tis s u e . T h is  c o n s is ts  of a num ber of 
d iffe ren t c e ll types each of which has a d iffe ren t function and m orphology 
and m ay give r i s e  to  a heterogeneous re sp o n se  to steps in the 
fractionation  p ro ce d u re . The problem  of hom ogeneity is of m uch le s s  
consequence in the fractionation  of c e lls  in continuous cu ltu re  since 
they a re  d e riv ed  from  a clone, though in an unsynchronized population 
th e re  w ill be d iffe rences according to th e  s ta te  of the ce ll cy c le .
However, c e llu la r  heterogeneity  re m a in s  a  fac to r in the fractionation  
of p r im a ry  c e lls  in cu ltu re  such as the ch ick  em bryo fib ro b la s ts  used  
in th is  study.
T he second  problem  encountered in iso lating  nuclei is to d e term in e  
the y ield  of the  fraction  and to m in im ize lo ss  of n u c lea r com ponents. 
Though la rg e  s tru c tu re s  such as  the ch ro m a tin  a r e  likely to rem a in  
in the o rg an e lle  even a f te r  considerab le  d isrup tion  of its m em b ran es , 
som e com ponents( p a rticu la rly  those so lub le  in the nucleoplasm , may 
be read ily  leached out of the nucleus.
C ontam ination of the nuclea r frac tio n  w ith m a te r ia l from  o ther 
com partm en ts  within the c e ll fo rm s an o th e r  m ajo r p ro b lem . T h is can 
take the fo rm  of re a sso rtm e n t of com ponents from  the soluble frac tions 
contained w ithin o ther com partm ents of the  c e ll. It is conceivable that 
they gain e n try  into the nuclei via dam aged  o r ’leaky’ n u clea r m em b ran es . 
Contamination can a lso  be caused by the incom plete rem ova l of adjacent 
frac tio n s  such  as  the endoplasm ic re tic u lu m  which fo rm s a contiguous 
la y e r  with the ou ter m em brane of the n u c leu s . F inally  the nuclear 
fraction  m ay contain im purities which have  becom e asso c ia ted  due to 
specific  o r non-specific  attachm ent to th e  nuclear m em brane, espec ia lly  
when the nucle i becom e ’s tick y ’ a f te r  rem o v a l of the ou te r m em brane 
and tend to ag g reg a te . Contam inants m ay  adhere d irec tly  to the 
exposed m em brane o r  m ay becom e trap p e d  am ongst ag g reg ates  of nuclei.
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B. Review of N uclear F ractionation  Development
Bearing these  p rob lem s in mind 1 w ill review  a b r ie f  se lec tion  of 
techniques which have been used  fo r the isolation of nuclei outlining 
the developm ent of a ra tio n a le  to overcom e these  p ro b lem s. T he 
basic c la s s ic a l  fractionation  as published by Dounce (1943) and 
subsequently  m odified by o th e rs  c o m p rise s  an in itia l d isrup tion  of the 
c e lls ( low speed cen trifugation  to se p a ra te  out the nuclei and a varie ty  
of w ashing p ro ced u res  to rem ove con tam inan ts.
P erhaps the m ost c r i t ic a l  fea tu re  of the fractionation  is the in itia l 
hom ogenization of the c e lls .  The m em brane d isrup tion  m ust be 
severe  enough to lib e ra te  the nuclei w ithout being v io len t enough to 
co llapse th e m . F o r s tud ies on anim al t is su e s  the W aring  b lender and 
P o tter-E lveh jem  hom ogenizer a re  favoured in s tru m e n ts (though for 
tissu e  c u ltu re  ce lls  a s im ple  Dounce hom ogenizer is widely u se d . 
However, the shearing  fo rce  actua lly  applied  to the c e lls  by these  
in stru m en ts  is Im possible to c a lib ra te  a c cu ra te ly . T hus th is  step  
in the p ro ce d u re  m ust be ad justed  by t r ia l  and e r r o r  to  the p a r tic u la r  
In strum en t, o p era to r and tis su e  involved. On the o th e r  hand, the 
hom ogenization m edium  is am ply docum ented. Dounce in itially  
developed an acid m edium  using c i tr ic  acid  a t pH 6 (Dounce, 1943) 
and d isco v ered  that a s  the pH was low ered so the p u rity  of th e  nuclei 
in c reased  to  lim its  such that H igashi e t a l . (1966) u sed  pH 2 .5 -2 .  8 in 
the isolation of nuclei from  a W alker tum our. How ever, th is h a rsh  
trea tm e n t does have a se rio u s  effec t on the com position of th e  nucleus, 
for exam ple , h istones a re  rem oved  from  r a t  liv e r DNA in n u clea r 
p re p a ra tio n s  (Dounce e t  a l . . 1966), and lim its  the p o ss ib ility  of 
enzym e an a ly s is  and study . T h ese  ex trac tio n s w ere  pe rfo rm ed  in 
hypotonic buffer, but isotonic m edia (usually 0 .2 5  M s u c ro se )  have 
a lso  been em ployed to reduce the dam age to nuclea r m em branes and 
consequent loss of conten ts (Schneider, 1948; Hogeboom e t a l . .  1952; 
Blobel and  Potter, 1966).
F rac tionation  of an im al tis su e s  usua lly  em ploys f iltra tio n  through 
gauze, flanne le tte , cheeseclo th  o r  g lassw ool a f te r  d isrup tion  to  rem ove 
fib res ana  undisrupted  clum ps of c e lls .  Following hom ogenization, the
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nuclei a r e  se p ara te d  from  the bulk of ce llu la r  d eb ris  by a ce n tr ifu g a tio n  
typ ically  of 300-700 g fo r 5-10 m in . The p e lle t is resuspended  and the 
nuclei sub jected  to p ro ced u res  designed to rem ove contam inating sp e c ie s .
In the e a r ly  experim en ts Dounce cen trifuged  the nuclei out of w a te r .
L ater isotonic su c ro se  becam e popular (Schneider, 1948) and 
cen trifugation  through a su c ro se  in te rface  (typically 0 .2 5  M to 1 .9  M ) 
to 'jo lt 'th e  nuclei clean w as a lso  attem pted  (Maggio e t a l . . 1963; Kodama 
and T e d e sc h l> 1963). T iie m ethod of Chauveau e t a l . (1956) co n s is te d  
sim ply of hom ogenizing the tis s u e  in 2 .2  M su c ro se  and cen trifug ing  th is 
at 40f 000 g fo r 60 min to p e lle t the nucle i. T h is gave a low y ield  of 
quite p u re  nucle i. However, the con tro l of te m p era tu re  and 
concentra tion  of su c ro se  a r e  c r i t ic a l  since  la rg e  changes in v isc o s ity  of 
su c ro se  a t these  high concen tra tions occur w ith sm a ll fluctuations of 
te m p e ra tu re . C entrifugation on lin ea r su c ro se  g rad ie n ts  (11-40% w /w ) 
has a lso  been used to se p a ra te  whole c e lls  (which p e lle t)  from  nucle i 
which move as  a band a sh o rt way into the g rad ien t a f te r  a spin of 300 g 
for 4 m in .
Follow ing the stud ies  of Schneider and Peterm ann (1950) it becam e general 
p r a c t l c e t o  u se  low concen tra tions of d ivalent ca tions which helped to 
red u ce  the fragm entation  of nucle i and reduced  the am ount of clum ping .
N eu tra l detergen t tre a tm e n ts  have been used  in se v e ra l m ethods 
(for exam ple H ubert e t a l , .  1962; Rappoport e t a l . .  1963), T h e se  
so lub ilize m ost of the cy top lasm ic m em brane sy stem s including the 
endoplasm ic re ticu lu m  ad jacen t to  the nuclei (Holtzman et a l . .  1966) 
and thus obviate the need fo r dense su c ro se  so lu tions. The tre a tm e n t 
is d ra s t ic ,  though no m o re  so than the d ilu te acid p ro ced u res , and 
may r e s u lt  in dam age to n u c lea r m em branes and leaching of co n ten ts .
The in teg rity  of cy top lasm ic com ponents is , of co u rse , lo st and the 
ac tiv itie s  of enzym es so m etim es affected .
N uclei have a lso  been p re p a re d  using organic so lvents (Dounce e t a l . .
1950) in which the hom ogenate is subjected  to  a s e r ie s  of sed im en tations in 
and flo ta tions on m ix tu re s  of benzene and carbon te tra c h lo rid e .
Although G eorgiev (1967) concluded that th is m ethod p re se rv e d  the  full 
com plem ent of soluble p ro te in s  in the nucleus, th e re  a re  doubts about
the re s u lts  obtained due to the profound effect of the solvent on the 
m orphology of the s tru c tu ra l com ponents of the nucleus.
Zonal centrifugation  has been u sed  to se p ara te  d ifferent types of 
nuclei from  r a t  liv e r  (Johnston e t a l . . 1968). T h is separation  ... on 
the b as is  of DNA content and m orphology and can provide separation  of 
parenchym al from  s tro m a l nuclei f ro m  liver t is s u e s . This technique 
has a lso  been used  to se p a ra te  nucle i from  ce llu la r  contam ination .In 
one study (E l-A aser et a l . . 1966) fou r fractions consisting  of ves ic les t 
m itochondria> p lasm a m em branes and nuclei w ere separated  from  a 
c ru d e  nuclear p re p a ra tio n .
R ecent a ttem p ts  to tack le the p ro b lem  of c e llu la r  homogeneity have 
used zonal cen trifugation  which has provided the reso lu tion  to isolate 
nuclei with d iffe ren t ploldy within the  population.
C . C h a rac teriza tio n  of N uclear F ra c tio n s  : Yield
Yield of nuclei is m ost read ily  m easu red  by counting the nuclei in a 
defined volum e under p h a se -c o n tra s t m icroscopy . This does> however, 
g ive little  indication of the In teg rity  of the nuclei, and suffers the 
se v e re  draw back that any aggregation  of nuclei (such as frequently occurs 
in standard  fractionation  techniques involving d e te rg en ts ) p recludes its
u se . C hem ical ana ly ses com m only use the measurement of DNA to
represent nuclei though . , . _  ___
/p ro te in an d  to ta l n itrogen  have been used (Roodyn, 1972). DNA
determ ination  has the advantage o v e r  nuclear m a rk e r enzym es, like
NAD pyrophosphory lase (Hogeboom and Schneider, 1952) in being in
la rg e  conform ations which a re  le s s  likely to be leached out of nuclei,
though this could also  be construed  as  a disadvantage in producing o v er-
op tlm istlc  values for the yield of com plete nucle i. The problem  of
hom ogeneity of nuclei with re sp e c t to  th e ir  position in the ce ll cycle can
be a ssessed  by com parison of the y ields of DNA given from  recovery  of
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incorporated  [ H ]-thym idine with th e  chem ical m easurem ent of to tal 
DNA conten t. A difference in the behaviour of these  two m arkers might ind! 
a lte ra tio n  of the fractionation  p ro p e r tie s  of newly divided nuclei (m easu red  
by rad io labe l incorporation  ) over the  to tal population of nuclei (by ch em ica l
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a n a ly s is  ). DNA po lym erase  activ ity  is an o th e r  po ten tia l nuclea r 
m a rk e r  a c tiv ity , but the ^n^ynjie^s co n sid erab ly  affected by p r io r  
tre a tm e n t to the c e lls  (W eser/ 1970) and by th e  natu re  of the isolation 
m edium  (Waqar et a l . 1971 ) w hilst th e re  is so m e  co n tro v e rsy  o v er its 
location so lely  In the nucleus (F riedm an, 1970; L indsay e t a l . .  197 0 ). 
The ac tiv ity  of RNA po lym erase  su ffe rs  s im ila r  draw backs as a 
c r i te r io n  o fn u clear pu rity  (Moulé , 1970) s in c e  it is rea d ily  so lubilized  
(Liao e t a l . .  1968).
A m ore  refined te s t of nuclea r in teg rity  by  Ord and Bell (1970) te sted
n u c lea r  Isolation m edia by transp lan ting  the re su ltin g  nuclei into am oebae
and observ ing  th e ir  su rv iv a l. The ab ility  to r e s to re  the v iab ility  of an
en ucleate  c e ll is a m ost sensitive  te s t of n u c le a r  function. Incidentally,
the r e s u l ts  of Ord and Bell suggested that v ia b ility  of the nuclei w as
rap id ly  lost following a few m inu tes' ex p o su re  to  iso lation  m ed ia  ,
illu s tra tin g  the value of very  rap id  m ethods o f nuclea r p re p a ra tio n .
T h e  p re se n t study re lie d  on a ssay s  of DNA to provide a value for
the y ie ld  of nucle i. The chem ical a s say  of DNA in the fractionation  was
re in fo rc e d ly  the counting of subcellu lar f ra c tio n s  p rep a re d  from  ce lls  
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p re la b e lled  with [ H ]-thym ldine. Counting nuclei in a haem ocy tom eter 
was abandoned because of p rob lem s of aggregation  , w h ilst DNA and 
RNA po lym erase  a ssay s  w ere not used fo r re a so n s  d esc rib ed  above.
The difficulty  of the technique of nuclea r tran sp lan ta tio n  re n d e re d  it 
o u ts ide  the scope of the p re se n t study.
C h arac te riza tio n  of N uclear F ra c tio n s : C ontam ination by Endoplasm ic 
R eticulum
Contam ination ofnucle l by endoplasm ic re ticu lu m  is likely since  
the o u te r nuclear m em brane is contiguous w ith  cy top lasm ic m em b ran es . 
U nfortunately th e re  a re  very  few enzym es specific  fo r th is frac tio n . 
G lu co se-6 -phosphatase has been widely u se d  (Wallach and Lin, 1973), 
though its reac tiv ity  in som e ce ll lines is low . N ADH-oxidases a re  
often used  a s  m a rk e rs  fo r endoplam ic re ticu lu m , although th e re  is som e 
doubt over th e ir  unique specific ity  for th is  co m p artm en t. NADPH-
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cytochrom e c reductase  has  been shown to be located  In endoplasm ic 
re ticu lum  by Phillips and Langdon (1962)( and was successfu lly  
em ployed a s  a m a rk e r in C EF fractionation  by Bingham and Burke (1972). 
In influenza v iru s infected c e lls  the v ira l haeir.agglutinin has been shown 
to co n cen tra te  around the n u c lea r p e rip h e ry  (Breitenfeld and Schafer,
1957; K elly  and Dlmmock, 1974) and h as a lso  been used to Indicate 
cy top lasm ic contam ination of n u clea r p rep a ra tio n s  (Stephenson and 
Dlmmock, 1974; Hudson and D lm m ock, 1977).
In the ch a rac te riza tio n  to  be d esc rib ed  NADPH-cytochrome c 
red u c tase  w as used to e s tim a te  contam ination by endoplasm ic re ticu lum  
since NADH oxidases appeared  to be le s s  specific m a rk e rs .  The fo rm er 
enzym e a ls o  had the advantage ov er g lu c o se -6 -phosphatase that its u se  
in CEF c e l ls  was a lready  docum ented.
A fu r th e r  rigo rous te s t  of cy top lasm ic contam ination involving the 
m e asu rem en t of v ira l haem  agglutinin levels was em ployed fo r the 
rea so n s  j u s t  described .
C h a ra c te riza tio n  of N uclear F ra c tio n s : Contam ination by M itochondria
The presence of mitochondria has been estimated by enzyme 
assays measuring the amount of choline dehydrogenase, cyto­
chrom e o x id ase , m onoam ine ox id ases , succinate dehydrogenase and
glu tam ine dehydrogenase am ong o th e rs  (Wallach and Lin, 1973).
Succinate dehydrogenase w as chosen for th is study, since  it is assayed
by a s im p le , rapid  and a c c u ra te  m ethod which had been successfu lly
applied to  the fractionation  of CEF c e lls  (Bingham and Burke, 1972).
Plasm a M em brane Contam ination
P lasm a m em branes a r e  the m ost likely contam inant o f nuclear 
p rep a ra tio n s  (Zentgraf e t a l . .  1969; Durham  e t a l . . 1975; Deduve and 
Berthet, 1954; Hogeboom and Schneider, 1952; Song and Bodansky, 1967) 
and a num ber of m ethods to  a s s e s s  th e ir  p re se n ce  have been describ ed  
(for review :W allach and L in, 1973). Methods involving the tagging of 
p lasm a m em branes of Intact c e lls  covalently  with labelled  probes can 
be d iv ided into th ree  m a jo r g ro u p s .
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(1) Low m olecu lar w eight labels , such a s  [ S l-fo rm y lm eth iony l-su lphone
m ethyl phosphate (FMSMP) (B retscher, 1971).
203(2) L arge  m olecu les like [ Hg] -labe lled  N -(3 -m ercu rl5 m e th o x y p ro p y l) 
poly-D , L alan y l am ide (an SH b lo c k e r) .
(3) Enzym atic iodlnation techniques in which lactoperox idase  c a ta ly se s  
the iodination of exposed ty ro sin e  re s id u e s  in the p re se n ce  of hydrogen 
peroxide (Phillips and M orrison , 1971).
U nfortunately the sm all m o lecu lar w eight p robes w ere  found a ttached  
to the haem aglobin of intact e ry th ro c y te s  in s ign ifican t am ounts ( 1 5% 
for FMSMP) and thus had p en e tra ted  into the c e ll .  T he la rg e  m o lecu lar 
weight tags m ay be ar. im p ro v em en t, though many a r e  p o ly d isp erse  with 
the p o ssib ility  that the sm a lle r  ones m ay too be able to  en te r the c e ll .
T h e re  a r e  a lso p ro b lem s with the lactoperox idase  m ethod, since  an 
ac tiva ted  iodine spec ies  was d isco v ered  in the re a c tio n . It w as thought 
that th is  would p en e tra te  the m em brane , but the re s u lts  with e ry th ro c y te s  
show only 3% of the label attached  to haem aglobin .
A lte rna tive ly  enzym e ac tiv itie s  found in p lasm a m em brane fractions 
can be used  as  m a rk e rs . T h ese  include 5' nucleo tidase (Coleman and 
F inean , 1967; de P ie rre  and K arnovsky, 1973), Na+ -K+ stim u la ted  
ATPase, alkaline phosphatase , phosphod ieste rase  and adenylate cy c la se  
(for exam ple, Bosmann et a l . .  1968; D urham  e t a l . .  1975). Of the 
above group of enzym es, Bosmann e t a l . found 5' nucleo tidase to  be the 
m ost highly concen tra ted  in p lasm a m e m b ra n e s , though de P ie r re  and 
K arnovsky rep o rted  som e asso c ia tio n  with o ther c e ll  com ponents. T he 
Na+ -K+ stim u la ted  ATPase could be concen tra ted  30-fold, during 
purifica tion  of the p lasm a m em brane (Bosmann et a l . .  1968), but, in 
the w ork on CEF c e lls  by Bingham and Burke (1972) th is  ac tiv ity  was 
too low to be of u se . A lkaline phosphatase co m p rise s  a group  of enzym es 
and thus appears to  be le ss  sa tis fac to ry  as a ce ll com ponent m a rk e r .  
P hosphod iesterase and adenylate cy c la se  a re  both specific  enzym e 
ac tiv itie s  and both have been found on p lasm a m em brane frac tions 
(Bosmann e t a l . .  1968; Durham  e t a l . .  1975).
F ro m  these  enzym es 5' n u c leo tid ase  and adenylate cyc lase  w ere 
se lec ted  to re p re se n t p lasm a m em b ran e  contam ination in the p resen t 
study. 5' nucleo tidase  is an ex tre m e ly  ac tive enzym e re la tiv e ly  
unaffected by m em brane solub ilization  trea tm e n ts  and a much used 
m a rk e r  fo r p lasm a m em b ran es . A denylate cyc lase  was chosen due 
to the very  sen s itiv e  as say  ava ilab le  fo r  its detection (Salomon( Londos 
and Rodbell, 1974) and its high sp e c if ic ity  fo r p lasm a m em brane 
(Durham e t a l . _ 1975; Davoren and S u therland , 1963). In addition , 
these  enzym es a re  thought to be located  on opposite sides of the p lasm a 
m em brane, the ca ta ly tic  unit of adeny la te  cyc lase  being in ternal 
(Perkins, 1973), w hilst 5' nuc leo tidase  is an ectoenzym e (Newby, Luzio 
and H ales, 1974).
D. A nalysis of Data
In the p re se n t study, exc lusive  u se  has been m ade of the rigo rous 
ana ly sis  provided by the 'ba lance s h e e t” approach, in which yields and 
contam inants a re  ex p ressed  as  a p ro p o rtio n  of the to ta l reco v ered  o r of 
the s ta r tin g  hom ogenate ra th e r  than a s  a specific activ ity , following the 
recom m endation of W allach and Lin (1973). T h is rev e a ls  activation 
and inhibition of m a rk e r  enzym es, in te rfe re n ce  with a s sa y  p ro ced u res  
o r d iffe ren tia l quenching of ra d io la b e l during fractionation . In the 
ana ly sis  of a com plex o rgane lle  su ch  a s  the nucleus, the optim ization 
of specific  ac tiv ity  w ill favour p ro c e d u re s  which leach out genuine 
n u clea r p ro te in s  w hilst the ap p a ren t depletion of negative m a rk e rs  w ill 
be deceptively high due to the la rg e  conten t of p ro te in  in the nucleus.
E . C h a rac te riza tio n  of F rac tio n a tio n  Methods Used in the Study of 
Influenza V iru s Replication
In the field of influenza v iru s  rep lica tio n ,co n sid e rab le  u se  has been 
m ade of su b ce llu la r fractionation  to  iso la te  nucle i. However, the m ethods 
used to  c h a ra c te r iz e  these  nuclei have been fa r from  com prehensive.
T he f i r s t  stud ies on influenza v iru s  rep lication  in which isolated 
nuclei w ere  obtained from  infected c e lls  was by T ay lo r e t a l . .  1969;
1970). T h is group  produced a c ru d e  nuclea r fraction  fo r which no 
c h a rac te risa tio n  is  m entioned, but a f te r  fu rth e r  purification  steps they
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quan tita ted  the yield from  reco v ery  of incorporated  [ H ]-thym idine 
fro m  a 48 h p re la b e l. Krug (1971) and Lazarow itz e t a l . (1971) used 
e lec tro n  m icrographs of thin sec tio n s of th e ir  n u c lea r p rep a ra tio n s  
to d e term in e  the absence of cy top lasm ic tags w hilst Krug rep o rted  
th a t no attem pt was m ade to m e a su re  any leaching of nuclea r contents 
Into the cy toplasm .
No mention was m ade of any checks on the y ie ld  o r  contam ination 
of the nuclei obtained by Mahy e t a l . (1975) o r  G rego riades (1973).
Hay (1974) used som e enzyme a s s a y s  and did find that fu rth e r 
pu rifica tion  of nuclei did not a lte r  the  v ira l pro tein  ra tio s  ,w hi!st 
G rego riades claim ed that the " [ v i r a l ]  nuclear p ro te in  is too g re a t in 
am ount to be explained by cy top lasm ic contam ination". K rug in la te r  
p a p e rs  (Krug( 1972; Krug and E tk ind , 1973)deta iled  no o ther checks 
though he found considerab le p ro b lem s with so -ca lle d  cytoplasm ic 
v i r a l  contam inants in the isolated nuclei and then leaching out of 
apparen tly  nuclear v ira l com ponents on m ore ex tensive detergen t 
tre a tm e n ts . Krug and Soelro (1975) fu rthe r developed the fractionation  
into subnuclear fractions and ch a ra c te r iz e d  the nucleoplasm  as 
containing p relabelled  RNA's of > 45 S( w hilst the nucleo li contain 
p re c u rs o r  rRN A 's of 32-45 S. Stephenson and Dimmock (1975) used 
the absence of cytoplasm ic tags a ttached  to th e ir  nuclei when viewed 
u n d er p h ase -co n tras t m icroscopy  and the absence of v iru s  haem agglutinin
asso c ia te d  with the nuclear fra c tio n s  as a m e asu re  of contam ination w hilst
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a [ H]-thym idine p re lab e l m e asu red  the yield of nucle i.
Although no mention of c r i t e r ia  of nuclear y ield and p u rity  in som e of 
the above rep o rts  does not n e c e s sa r ily  indicate tha t no checks w ere 
p e rfo rm ed , it does suggest that such  te s ts  a re  not considered  im portant 
in th ese  fractionation ex p e rim en ts . The unquestioning allo tm en t of 
v ir a l  com ponents to nuclear and cytoplasm ic com partm en ts accord ing  to 
p rec a rio u sly  estab lished  dogma, together with the d ism issa l of th e ir  own 
d a ta  a s  leaching o r  contam ination (Krug and E tkind, 1973) without 
consideration  of any o ther a l te rn a tiv e  is indefensible.
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Though each of the describ ed  m ethods of c h a ra c te r isa tio n  is valid,
each  a lso  su ffers d raw backs. Of the m ethods involving visualization
of the nuclei, it can be argued th a t,if  b iochem ical questions of location
a r e  to be asked, then biochem ical c r i t e r ia  of p u rity  should be applied .
A fter a ll, contam  inating cy top lasm ic m olecu les cannot be seen > even
in e lec tro n  m ic ro g rap h s ! F u rth e rm o re  no g roup  has describ ed  the
u se  of both m ethods sim ultaneously  - low pow er ana lysis  of la rg e  fields
of n u c le i by light m ic roscopy  fo r  un ifo rm ity  of p rep a ra tio n  together with
high reso lu tion  an a ly sis  by e lec tro n  m ic roscopy  of 10-20 nuclei fo r m o re
rig o ro u s  exclusion of cy top lasm ic ta g s .  A nalysis of y ield by 
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d istribu tion  of [ H ]-thym id ine inco rpo ra ted  during a p re la b e l is perhaps 
ju s tif ia b le  as a sing le m a rk e r , though th e re  is the p o ss ib ility  of se lec ting  
a population of c e lls  which m ay not be re p re se n ta tiv e  of the whole cu ltu re  ( 
but none of the g ro u p s using  th is  c r ite r io n  (with the exception of 
Stephenson and D im m ock) re la te  it to any m easure of contam ination.
Some w orkers perfo rm ed  m ixing ex perim en ts  in which the species 
un d er investigations was added to  a hom ogenate im m ediately  p r io r  to 
fractionation  o r  a t som e stage in the p ro ce d u re  to a s s e s s  how much 
a r te fa c tu a l assoc ia tion  o r  re a sso c ia tio n  m ay have taken p lace . H ow ever( 
the se lec tion  of th ese  con tro ls is fraugh t w ith hazard  due to the d ifficulty  
of m im icking the situation  in the fractionation  sy s te m . F o r exam ple, the 
addition of a su spected  contam inant to  a ce ll hom ogenate and subsequent 
reco n stru c tio n  only te s ts  w hether the contam inant is red is trib u ted  during 
e x tra c tio n (w hilst the pertu rb ing  p ro c e ss  w hich a s so c ia te s  it with the 
nucleus m a y , in fac t, be the hom ogenization . The ana ly sis  of 
red is trib u tio n  of a  com ponent from  the p lasm a m em b ran es , obtained in 
the detergen t w ashes of a pu rifica tion  technique, can be perfo rm ed  by 
re -e x tra c tin g  it w ith unlabelled hom ogenate. However, th is  is  unlikely  
to  m im ic the r e a l  situation  since  the m em branes containing the spec ies  
a r e  likely to be highly p e rtu rb ed  by the in itia l trea tm e n t, and its  tr a n s fe r  
to  o th e r com partm en ts e ith e r  fac ilita ted  (Ly p a r tia l detergen t 
solubilization ) o r  re ta rd e d  (by m em brane vésicu lation  ).
T he validity of a com parison  w ith a known cy top lasm ic v iru s  such as 
N ew castle D isease  V irus o r  Sem liki F o re s t V iru s is debatable since a 
v iru s  which can rep lic a te  su ccessfu lly  in enucleate c e lls  may also  
accum ulate com ponents and even rep lic a te  in the nucleus of a nucleate c e ll.
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F . F ractionation  Techniques of th is  Study
N uclei w ere  iso lated  by two quite d iffe ren t m ethods. One w as a 
conventional fractionation  (Stephenson, 1974) u tiliz ing  hom ogenization 
by a s ta in le ss  s te e l dounce m achined to p re c is e  to le ran ce  to m ax im ise  
the rep roducib ility  of th is technique. T he hom ogenization buffer w as 
hypotonic and the ce lls  w ere  left to sw ell in th is medium  p r io r  to the
in itial d isru p tio n . Following th is t r e a tm e n t  the crude  nuclei w e re
2+always m aintained in isotonic su c ro se  and a ll buffers contained Mg 
to m aintain  the in tegrity  of the nucle i. R epeated  gen tle  trea tm e n t with 
the hom ogenizer produced a high yield of nuclei and helped to p rev e n t 
clumping and aggregation of the c rude  nuclei during resuspension  
a fte r  each  pelle ting . F inally , the nuclei w ere  tw ice washed with buffer 
containing a low concentra tion  of a non-ionic d e terg en t. T his so lub ilized  
cy top lasm ic s tru c tu re s , rem oved contam inating m em branes from  the 
nuclei and stripped  off the ou ter nuclear m em brane .
The second m ethod used  in th is  study was a novel technique which 
has rec en tly  been developed fT sai and G reen , 1973). The n u c le a r  
m onolayer technique (NM L) involved trea tm e n t of ce ll m ono layers with 
a high (1-2% ) concentra tion  of non-ionic d e te rg e n ts . T h is so lu b ilizes  
m ost of the cytoplasm ic m em branes and rem oves the m ajo rity  o f the 
ce ll cy top lasm . The nuclei rem ain  fixed to the p la te ,p re su m a b ly  by 
a sm a ll am ount of cy top lasm  rem ain ing  beneath, and hence the te rm  
'n u c lea r m o n o lay er '.
The f i r s t  fractionation  method p re se n ted  the opportunity fo r an 
e x e rc ise  of the m ethods of c h a ra c te r isa tio n  review ed above. It em bodied 
many of the fea tu re s  developed over the p as t th ree  decades to m in im ize 
the contam ination and m axim ize the y ield  of nuclei, and it had a lread y  
dem onstra ted  d iffe rences in the cy top lasm ic and nuclea r fra c tio n s  from  
influenza v iru s  infected c e lls  (Stephenson, 1974; Stephenson and Dimmock, 
1974; 1975). The n u clea r m onolayer m ethod was developed fo r u se  in 
the Influenza CEF system  during the p e rio d  of th is study (Hudson and 
Dimmock, 1977) and although th is  m ethod did not lend itse lf  to the 
ch a rac te riza tio n  techniques review ed and applied to the f ir s t  m ethod, it 
offered  c ru c ia l advantages over the conventional fractionation .
A/13
The XML technique takes only m inu tes to perfo rm  com pared  with 
60-90 m in by the conventional m ethod , and concentra ted  frac tions can 
read ily  be ob tained. T h is speed of p rep a ra tio n  m in im izes the n a tu ra l 
m ovem ent o f v ira l com ponents d u rin g  the fractionation  period  which 
can occu r even a t 4° (see section  1 ; Stephenson and Dimmock, 1975).
It red u ces  the r isk  of leaching n u c le a r  com ponents from  the nu c leo ­
p lasm  and the a r te fa c tu a l re a sso c ia tio n  of soluble com ponents with the 
nuclei of c e l ls ,w hilst the absence of centrifugation  avoids "trapping" 
cy top lasm ic en titie s  am ongst ag g reg a te s  of nuc le i. Its d isadvantages 
lie  in the sm a ll am ount of cy top lasm  ( s  10%) that rem ain s beneath 
the nuclei and hence ap p ears  in the n u clea r fraction  and the denaturing 
effect of the high concen tra tion  of d e te rg en t on enzym e ac tiv itie s  which 
obviates its ch a rac te riza tio n  by the m ethods d escribed  above. Such 
ch a rac te riza tio n  that is possib le  in these  conditions has shown that
3
86% of p re la b e l [ H ]-thym idine is found in the nucleus com pared  with
3
84% by conventional fractionation  and  92% of chased p re lab e l [ H ]- 
u rid ine is cy toplasm ic co m p ared  with 90% fo r the CF (Hudson and 
D im m ock, 1977).
The ra tio n a le  of the following e x e rc is e  on the ch a rac te riza tio n  of a 
nuclea r fractionation  technique r e s t s  not on the superio rity  of any of the 
individual p a ra m e te rs  of c h a ra c te r iz a tio n  over those which have been 
em ployed prev iously , but ra th e r  th a t a m ore com prehensive su rv ey  has 
been used  to ca lcu la te  a n u m e rica l e s tim a te  of p u rity . Not only have 
specific positive m a rk e rs  fo r the nuclei been em ployed, but also  the 
depletion of a v a rie ty  of m a rk e rs  c h a ra c te r is tic  of o ther su b ce llu la r 
o rgane lles  (negative m a rk e rs )  h as  been catalogued. T h is inform ation 
should provide a m ore  r ig o ro u s  defin ition  of the nuclear fraction  of the 
conventional fractionation  m ethod .
2. RESULTS
A. Justifica tion  of Met hods Used in C haracteriza tion  
(a ) 5' N ucleotidase activ ity
The a s sa y  for 5' nucleo tidase m e asu res  tr itia te d  adenosine form ed 
from[^H]-AMP su b s tra te  by the en zy m e . The reaction  is stopped by the
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F ig . A/1 The m agnesium  ion-dependence of 5 'nucleo tidase .
Aliquots of son icated  whole c e ll  p rep a ra tio n s  w ere 
m easu red  fo r 5 'nucleo tidase  activ ity  in the p re se n c e  
of 0 : 0 .1 8  mM Mg2+; •  : 1 .8  mM Mg ,
□ : 18 mM Mg2+
O : No NP 40
• : 0 .1  % NP 40
□  : 0 . 3 % N P  40
■  : 1 ,0 %  NP 40
F ig . A /2 The effect of NP 40 on 5 'nucleo tldease ac tiv ity
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addition of barium hydroxide and magnesium sulphate, forming 
barium sulphate which also precipitates unreacted AMP, leaving 
the radioactive adenosine in the supernantant, which can then 
be counted (Avruch and Wallach, 1971).
There is some difference in the quoted Mg^+ concentration 
in the assay between Avruch and Wallach (1971) who used 0.18 
mM and the 18 mM of Bingham and Burke (1972). Fig. A/l shows 
that, though the activity was slightly reduced at 0.18 mM 
(785?) over 1.8 mM, there was no further stimulation at a 10-fold 
higher magnesium ion concentration. Thus 1.8 mM was used in 
all assays. The response of the enzyme was linear to both 
concentration and time under the conditions chosen over the 
range 0.3-4 x I06 HCE
The effect of NP 40 on nucleotidase activity
As the non-ionic detergent NP 40 was utilized in 
preparing the nuclear fraction, it was necessary to determine 
its effect, if any, on 5' nucleotidase activity. Fig. A/2 
shows a typical experiment. 0.15? NP 40 had no effect and 
though 0.3? reduced the rate somewhat, I? appeared less 
inhibitory. In general, NP 40 had a variable but small 
effect on the enzyme activity, probably due to its dispersive 
effect on aggregated matter.
(6) NADPH cytochrome c reductase
This enzyme was assayed by monitoring the initial rate 
of increase in absorbance at 550 nm due to the formation of 
reduced cytochrome c.
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F ig . A /4  E lution p ro file  of cAMP and ATP from  Dowex column 
«---------* r e p re se n ts  a s sa y  sam p le .
o No NP 40
• 0.1%, N P40
o 0.3%  NP 40
■ 1.0% NP 40
F ig , A /3 Effect ofNP 4 0 on N ADPH-cytochrom e c reductase  
ac tiv ity .
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F ig . A /5 Optim um  fluoride ion concen tra tion  for adenylate 
c y c la se  ac tiv ity . A ssays w ere perfo rm ed  on
concen tra tions of enzvm e between 1-10m hce for 
fo r  each fluoride ion concen tra tion .
F concentration ( mM )
F ig , A /6 Sensitivity of adenylate c y c la se  activ ity  to 
NP 40. A ssays w ere perfo rm ed  on 4 
concentrations of enzym e fo r  each 
concentration of NP 40.
s .
The assay  was lin ea r in resp o n se  to enzym e concentra tion  in the 
range 5-20 x 10^ HCE and though five-fo ld  le ss  sensitive
than the rad io labelled  a s s a y s  was sufficiently  sen s itiv e  for the pu rpose .
In co n tra s t to its effect on adenylate cy c lase  and succinate dehydrogenase, 
the detergen t NP40 stim u la ted  NADPH-cytochrom e c red u c tase  by 50-60%. 
This stimulation was obtained with the low est concen tra tion  of detergen t 
tested  (0.1% ) and was not fu rth e r  enhanced by inc reasing  the concentration  
to 1% (F ig . A /J ) .
(c ) Adenylase cyclase activ ity
T his activ ity  was assay e d  accord ing  to Salom on> Londos and Rodbell 
32 32(1974). [ P]-A TP is converted  to [ P]-AM P by the enzym e, and
this is separa ted  from  the  su b s tra te s  and o th e r adenosine phosphates by
sequential chrom atography  on colum ns of Dowex cation  exchange re s in
and alum inium  oxide (see F ig . A /4 ) . ATP w as c le a rly  reso lved
on the Dowex column though AMP (not show n) w as v e ry  close to cAMP.
However, on the alum ina colum n AMP was elu ted  in the 10 m l wash
32
subsequent to cAMP e lu tio n . "B lank" leve ls of 0.001%  of lnput[ PJcounts 
w ere norm ally obtained a f te r  the two column p ro ced u re ,w h ils t reco v ery  of 
product "(monitoredby addition of[^Pj-cAMP to the a s sa y  m ix ture im m ed ia te ly  
before chrom atography) ranged  from  15-40%.
Adenylate cy c la se : KF optim um
Glucagon stim u la tes adenylate cy c lase  in sy s tem s in which the 
horm one recep to r-en zy m e conform ation is in tact in the m em brane, w hilst 
fluoride ions s tim ula te  a  m ore  d isrup ted  enzym e p rep a ra tio n  (Perkins,
1973). In o rd e r  to m axim ise the m a rk e r  enzym e ac tiv ity , its fluoride 
ion optim um was es tab lish ed  (F ig . A /5 ) .  T h e  optim um  fluoride 
concentration peaked sh a rp ly  a t 20 mM, a t which point the enzym e was 1 .9 -  
fold stim ulated ,and th is concen tra tion  was used  in a l l  subsequent a s sa y s . 
Sensitivity of adenylate c y c la se  to NP40
Adenylate cyc lase  ac tiv ity  was found to  be 60% sensitive  to NP40 at the 
concentration used in th e  fractionation  p ro ce d u re . T he rem ain ing  activ ity  
was unaffected byN P40 concen tra tions of up to  0 .5%  (Fig. A /6  ), but the 
activ ity  was abolished a t  2%.
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(d ) H aem agglutination ac tiv ity  of the v iru s
T he se n sitiv ity  of HA ac tiv ity  to NP40 w as checked, and with 
fre sh ly  p re p a re d  re d  blood c e lls  concen tra tions below 0.3%  had no 
effect.
(e ) Incorporation of tr itla te d  thym idine
3
C ells w ere  p re la b e lled  fo r 1 o r  1 8 h with [ H ]-thym id ine, and 
fractions counted fo r rad ioac tiv ity  a f te r  TCA p rec ip ita tio n . There
was the p o ss ib ility  that th is  m ight se le c t a sm a ll population of ce lls  
which w ere  in the p ro c e ss  of dividing o r  had rec en tly  done so , and that 
these m ight be u n rep rese n ta tiv e  of the whole c u ltu re . Accordingly 
ce ll au to rad iography  w as perform ed on c e lls  which had been labelled for
3
1 and 18 h w ith [ H ]-thym id ine. An av erag e  of to ta l ce ll count and ce lls  
with g ra in s  over ten fields chosen a t random  showed 10% of c e lls  w ere 
labelled in 1 h com pared  with 28% a f te r  18 h . Though it seem ed likely 
that the la t te r  group  w as sufficiently  la rg e  to  re p re se n t a ll the ce lls  
and thus obviate the draw back, a fu rth e r  m e a su re  o f DNA content was 
applied .
( f ) C hem ical a s sa y  of DNA
T h is  m e asu res  the DNA p rese n t a f te r  rep ea ted  ex traction  in hot 
p e rc h lo ric  ac id  (Burton, 1956). T he a s sa y  was investigated  and found to be 
linear with re sp e c t to concentra tion  of c e lls «  It was
also  confirm ed tha t the su c ro se  p re se n t in the de te rg en t and nuclei 
frac tio n s had no e ffec t in the assay  s y s te m .
(g ) Infection with SFV
Since SFV is a cy top lasm ic v iru s  able to m ultip ly  without the need of
a nucleus (S .I .T .  Kennedy, p e rso n a l com m unication)anda fu rth e r  te s t of
the pu rity  of nuclei fo r  v iro log ical pu rp o ses re la te s  the am ounts of SFV
pro tein s p re se n t in the nuclea r fraction  to that of the whole c e ll. This
35was done by pu lse labelling  Infected ce lls  with [ S ]-m eth ion ine, 
fractionating  the c e lls ,  analysing these  frac tio n s  on PAGE, scanning 
the resu ltin g  au to rad iographs and ca lcu lating  the ra tio  of SFV pro te ins 
in n u clea r and cy top lasm ic fra c tio n s .
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(h ) Succinate dehydrogenase activ ity
T h is  enzym e ac tiv ity  w as used as a m a rk e r  fo r m itochondria l 
con tam ination . The m ethod of Porteous and C lark  (1965) was used in 
which a té trazo liu m  dye is reduced  to form azan w hich is m easu red  
spec tro p h o to m etrica lly . The assay was found +o be linear with 
respect to time up to 30 min and to homogenate concentration 
up to 12 x I06 HCE.
Sensitivity  to NP40
Succinate dehydrogenase resem b led  adenylate c y c la se  in its 
sensitiv ity  to the d e te rg en t N P40. As the concen tra tion  of NP40 
in c re ase d (activ ity  w as rap id ly  lost un til a p lateau fo rm ed  a t 20% 
re s id u a l ac tiv ity  fo r NP40 concen tra tions of 0 .1  to 0 .5% . A ctivity was 
com pletely  abolished w ith 2% NP40.
B. R esu lts  of M ethods o f C h arac teriza tion
(a) Yield
DNA, assayed  by two quite d iffe ren t m ethods, w as used as the 
positive m a rk e r  fo r nuc le i in the frac tiona tion . In both the chem ical and 
the rad ioactiv ity  a s sa y  th e re  was c lo se  ag reem ent th a t about 85% of the 
to ta l reco v ered  DNAwas found in the nuclea r fra c tio n  with 10% in the 
cytoplasm  and tra c e s  in the de terg en t ex tra c t (Table A/1 ).
T he am ount of p ro te in  p re se n t in the nucleus o v e r  a la rg e  num ber of 
fractionations v aried  between 12-20% of the to ta l c e l l  p ro te in  with a 
m ean of 15.5%.
(b) Contam ination by endoplasm ic re ticu lum
T he p re se n ce  of endoplasm ic re ticu lum  asso c ia te d  with nuclei was 
m onitored  by N ADPH-cytochrom e c red u c tase  a c tiv ity  and by v iru s  
haem agglutin in . A m ean of 1% ce llu la r  enzym e contam ination  and 4% 
v iru s haem agglutin in w as rec o rd e d  (Table A/1 ). O ver 50% of both 
m a rk e rs  rem ained  asso c ia te d  with the nuclei un til a f te r  the detergen t 
trea tm e n t(w h ich c le a rly  shows the im portance of th is  s te p .
D istribution of new ly synthes izedSFV  p ro te in s  In nuclear 
and cytoplasm ic fractions
SFV pro teins re so lv e d  on 
10% phosphate PAGE
%  p roportion  of whole 
c e ll  homogenate value 
in nucleus
PE 2 p re c u rso r  o f enve lope p ro te  in 2 5 .2
E 1 +2 envelope pro teins 1 and 2 4 .0
co re  co re  p ro te in 3 .9
35to ta l acid p réc ip ita b le  [ S ]m eth ion ine counts 6 .0
ÜQ»yi^8«ci
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Contam ination by p la sm a  m em brane
T h is  was a s se ss e d  by 5' nucleo tidase  and adenylate cy c la se  
a c tiv itie s . Though 44%of 5' nucleo tidase ac tiv ity  was rem oved  in the f ir s t  
two fractionation  s te p s t and a fu rth e r  32% in the la tte r  tw o( 20% of the 
to ta l ac tiv ity  rem ained  stab ly  asso c ia te d  with the n u clea r fraction  (Table A/1 ). 
T h is  re s u lt  was rep roducib le  over a v e ry  la rge  num ber of frac tiona tions, 
and the ra tio  of 5' nucleo tidase to DNA rem ained  constan t a f te r  fu rth e r  
purification  by both d e te rg en ts  and cen trifugation  on su c ro se  g rad ie n ts .
It appeared  that th is ac tiv ity  w as genuinely n u clea r (see below and 
d iscussion  ).
Adenylate cy c la se  ac tiv ity , though considerab ly  reduced  by 0.1%
NP40, w as s t i l l  su ffic ien t to allow an a s se ssm e n t of contam ination of the 
nuclea r fra c tio n . A fter allowing fo r the effects of NP40 on the enzym e, 
th e re  was s ti l l  only 4% of the to ta l ac tiv ity  p re se n t in the nuclear 
fra c tio n . A ctiv ities in the dilute cy top lasm ic and d e te rg en t frac tions 
w ere  too low to be m e asu red , and a ttem p ts  to  co n cen tra te  these  fractions 
w hilst m aintaining the enzym e ac tiv ity  proved ab o rtiv e .
M itochondrial contam ination
Succinate dehydrogenase is a v e ry  com m only used m a rk e r  for 
m itochondria . U nfortunately it is very  sen s itiv e  to NP40 thus reducing  
the value to be acco rded  these  r e s u l t s .  However, a f te r  c o rrec tio n s  
w ere  m ade fo r th is  lo ss  of ac tiv ity , the degree  of contam intlon was 
e s tim a ted  at le s s  than 4%.
(c ) D istribution  of SFV pro te in s in infected ce lls
T he p ro te in s  p re se n t in the nucle i of infected c e lls  am ounted to
4-5% of the to ta l labelled  v ira l p ro te in s  w hilst 6% of the to ta l TCA 
35p réc ip itab le  [ S ]-m eth lon ine counts w ere  found in the n u c lea r fraction  
(Table A /2 ) .
(d ) Purification
In th is m ethod fo r the fractionation  of chick em bryo  f ib ro b la s ts , a 
n u c lea r fraction  is obtained which contains about 85% of the o rig ina l 
nuclei and 15% of the whole ce ll p ro te in . It is contam inated  by between
)
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1-4% of endoplasm ic re ticu lu m , le ss  than 4% m itochondria  and 4% of 
the to ta l p lasm a m em b ran e . Between 4 and 6% o f newly synthesized pro teins 
of a cytoplasm ic v iru s  a r e  found in the f ra c tio n . T hus,assum ing a 5% 
contam ination o v e ra ll, the  purification  of nuclei in th is m ethod over those 
in whole ce lls  is seven teen -fo ld .
3 . D iscussion
I have thoroughly c h a ra c te r iz e d  a n u clea r fractionation  method, and 
shown it to y ield  considerab ly  purified  (17-fold) n u c le i, thus enhancing 
the validity of s tud ies conducted w ith it (Stephenson, 1974; Stephenson 
and Dimmock, 1974 ; 1975; p re se n t s tu d y ).
The lin e a rity  of a ll the  a s say  sy s tem s used w as checked with sam ple 
m a te r ia l and the sen s itiv ity  of the enzym es to N P40 was assessed  and 
com pensated fo r by m aking a l l  so lu tions to the sam e concentration in 
the detergen t o r  by allow ing fo r the inhibition in ca lculating  values. The 
enzym es seem  to fa ll into two g roups in th e ir  behaviour tow ards the non- 
ionic detergen t NP40, which is perhaps s u rp r is in g  since they are all 
m em brane-bound enzym es.
5' nucleo tidase and NADPH -cytochrom e c re d u c ta se  w ere  unaffected 
o r  stim ulated  by the de te rg en t and, in both, the values becam e m ore 
rep roducib le  p resu m ab ly  because the p a r tic u la te  suspension had been 
ren d e red  m ore  hom ogeneous. The stim ulation  of NADPH-cytochrome c 
red u c tase  could be accounted fo r on the latency p rin icp le  in which the 
detergen t lib e ra te s  and opens up to th e ir  s u b s tra te  m ore  enzyme 
m olecules which had been 'locked ' in m em brane v es ic les  o r  aggregates. 
Succinate dehydrogenase and adenylate cy c la se  on the o ther hand a re  
both considerab ly  inhibited by the p resen ce  of the  detergent, presum ably 
due to the sen sitiv ity  of th e ir  conform ation to th e ir  m em brane interaction 
which is affected  by the tre a tm e n t. Both th ese  enzym es display a two- 
s tep  p ro ce ss  in th e ir  Inhibition by NP40. V ery  low concentrations a re  
sufficien t to effect the in itia l reduction  in enzym e activ ity , the rem ainder 
of which (35% of adenylate  cy c la se , 20% of SDH) was insensitive to the 
detergen t at concen tra tions from  0 .1 -0 .5 % . An explanation for this 
phenomenon is  tha t the re s id u a l ac tiv ity  re p re se n ts  the enzyme in
solution and that th e  sm a lle s t concentration  of d e te rg en t (0.05% ) is
sufficient to ca u se  so lub ilization .
T he m a rk e rs  fo r  endoplasm ic reticu lum  w e re  in good agreem ent
showing that the de te rg en t step  appeared to be e s s e n t ia l  in rem oving
over half of th is  com ponent, and that the final re s id u a l ER in the nuclear
3
fraction  was 4% o r  le s s . Y ields of DNA m o n ito red  by [ H ]-thym idine
labelling  and ch em ica l ana ly sis  w ere a lso  in c lo s e  ag reem en t. The
rem ain ing  DNA in cy toplasm  and detergen t e x t ra c ts  (10-15%) probably
re p re se n ts  m itochondria l DNA and rup tu red  n u c le i. Plasm a m em brane
enzym es gave v e ry  d iffe ren t values for contam ination  of the nuclear
frac tio n . 5' nucleo tidase  gave a reg u la r  and rep ro d u c ib le  20%
contam ination . F u rth e r  purification  of nuclei by repea ted  detergent
trea tm en t , p e lle tin g  and banding on sucrose g ra d ie n ts  lowered the
yield but failed  to im prove the ra tio  between th is  enzym e and the DNA
content. C onversely , adenylate cyc lase  gave a  value which corresponded
to the g e n e ra l lev e ls  of contam ination rec o rd e d  from  o ther ce ll
co m p artm en ts . T h e re  have been re p o rts  of a n u c lea r  5' nucleotidase
ac tiv ity  in a v a r ie ty  of c e lls  (de P ie rre  and K arnovsky, 1973; Bosmann,
Hagoptan and E y la r , 1968;Avruch and W allach, 1971) in addition to
the p lasm a m em b ran e  enzym e. Thus I conclude that the stab le  level
of 5' nucleo tidase  is ,in  fac t,a  genuine nuclear enzym ic ac tiv ity .
Confirm ation of th is  would involve the m e asu rem en t of p lasm a m em brane
contam ination by ano ther c r ite r io n  such as  tagg ing  the in tact plasm a 
125.m em brane w ith [ I  ]by the lactoperoxidase m ethod p r io r  to fractionation . 
Perhaps a valid  c r i t ic is m  of th is m ultip le m a rk e r  approach to subcellu lar 
fractionation  is thed ifficu lty  of knowing at w hat polntto stop the 
c h a rac te riza tio n  of frac tions by yet m ore m eth o d s,
4. Conclusion
T he conventional fractionation  method c h a ra c te r is e d  in these  stud ies 
produced highly purified  nuclei in a sim ple opera tion  of 60-75 m ins. 
However, in the rap id  grow th cycle of Influenza v irus with its ab ility  to 
com plete c e r ta in  s tep s even a t 4°, a fa s te r  an d  yet s im p le r m ethod was
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